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Ansi RACE 

An  antenna  is  described  for  use  in  a  radar  systeni  designed  to  study  reflections  of  VHF  electromagnetic 
waves  from  the  sun.  This  antenna  consists  of  two  rectangular  planar  arrays  which  occupy  the  sameland 
surface  and  have  dipole  elements  that  are  mutually  perpendicular.  The  elen.ents  are  excited  by  a  com¬ 
bination  of  parallel  and  series  feed  networks.  Kach  array  produces  a  0.7.S°  by  12  fan-shaped  beam  whose 
direction  is  set  by  the  adjustment  of  the  phase  of  the  elem.ent  currents.  So  far,  the  beam  has  been  con¬ 
fined  to  directions  located  in  the  north  south  plane  which  range  from  near  broadside  to  52. .S  south  from 
broadside.  Good  performance  for  these  beam  directions  was  obtained  with  only  two  settings  of  the 
element-matching  network. 

The  directivity  patterns  of  one  of  these  arrays  were  measured  by  flying  a  properly  instrumented  airplane 
in  its  Fresnel  region  and  good  agreement  with  theoretical  predictions  was  obtained. 
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THE  EL  CAMPO  SOLAR  RADAR  ANTENNA 


I.  INTRODUCTION 
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Photograph  of  one  element  of  the  principal 
orthogonal  arrays. 
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In  anauuMi,  ilu-  radialion  paiu  in.-  .^noinn  bt  t'i'fc  of  a  .Li'alin^  iobf  lur  ail  ihf  bfain  dirf uUori.-^ 
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blif  _L;fnfral  a'  .■'lun  of  li’.f  nriia  ip.o  array  .a.ifM.a  v.  t  arrifa  oir  by  iin  nibt  r.-  ol  lanaoln 
1  .al)oralory .  I'ranpo 'litMi  ol  int  at  .'*an  ana  i  orn-lrat. ion  ol  lia  a!ra\  .'.a.~  li.t  I’t-.'-.poii.-ibi  li'a-'  of 
ilanialion  ^biL;:nt 'o rin,.^  1  .abt);'aior%  '  Maynai't!,  .Ma.'.-'at  lia-ti',-). 


A.  General  Description 

In  Lraar  lo  form  lb*  .  7  ■  1.  ta'oaa-*  ;*  b't.ini,  a  n.oori.niy  n.  nmnaa  a  apt  ri.*rf  (jI 

n7.d  •  ‘l.J  aVf  it  .-'aaari'  ‘  17i  <  •  1  “  n  fl>  rt  'p*.rt  a.  1;.*.-  lat  lor  a.na  lia  at^anni:..^  la  p*ii'f- 

nifiii  i.fLt  .".-Halt  in*  n.-*  v»f  .a.  .irray.  in-  _raia,^  it/rt  '  H’n  aH^-n  .'.a-  .-aH.-Ht  c  ny  ti: .- pt^.- :  n^^ 

li.i  tit  im  ni.-  iM.  a  -ai;ar*  iai’.ti  n-'j-l  -  \  '  1  n  7 f*  t  i)  ^in  u.t  .-on  .  A  i>ia.  i  :  brnd  *  a  mt-ni.-  v.  a.s 
iHt-a  in  a  o...n.n  •  .^-r  :nai::\  '  1  m.  ba-ia.  i  ai'ray  n.t-.a.‘t  :  iy\t  r  i*  .  i  ^lajuni:  ana 

l  i  a  ■  1'  t  •  1  o  i  ’  » *  '  b  r  t )  aa .-  A  a  I  air*  .  i .  v  m  .  -  1 1  r.'.  a  r  a  .!  t  n  *  1 1 . .  1  i .  <  i  *  a  r.  a.  r  *  -  I .  v .  l  ol  ..i  .  ..in*  r  i r  *  t  >!  t  i  pnt . 

art  a  ’jk.r..  f.,r  lia  iyroaa.'i.'  bi  ain.  i..:',*.  t  a  f :  a  :  .1  . a  t  I  ni  t  r  -  o  :  .m  ar-j..ii'. a’.  *  a.jiuo- 
moiini*  paCalo  '  *  a  r  an. a,  A  -  ■  -I  •  i  .tiori-  ^a.a  ; m oa :a .•  t  a  . n  i  n*  1 .  -  A  ::rt  ^  Hon. 

.''iranit  a  at  ro.-."  ibt  f*  *  a  pM.m  .  a  ri-.  na  ...it  :  •  .  i:t).n  ol  a  i  i  t  i  ra:..' ra*.- .- n  mi  i^nt  .  ll.- 

lfri_.^in  ..tia;  il.t  oa.j.,1:.  oi  ib*  ap-.-o  ..sr*  >  nM-t  n  ’  na’  ’.'a  !i  t  a  ])oi.n’  Ainpi  iian^  t  i.-  vt’nu.^l  ll-oi.nn.-* 

t  1  i .  1 .-  j  >ar  l  it_ .  Ha  r  t  1 1  *1 1  t  t  a  n  .an  ni  t .  ^  n*  *  .■.  a  i .  .'.a.-  ^  .  t  •.  ■  t  a  l  > » i’  i  1  >  n .’.  i  .i  a  i .  ’.■.  i  i ..  i  jt  t  t  y :  .  t  ..i  f  a .  i  t  ;  .1 

in  t  o .  i  i  -  1  j  -  <  -  a  4  •  .  \  I  '  M.  n .  i  lat  n ."  1?  a *  t '!  ■  .  * ; .  t  ,  •  a*  -  a ;  I*  r  a\’'  o  la  l  i .  i  oa  ,  i  r  an o  a  ■  n ; 1 1 . 4.  .- 

:.inpt  tiancf  bi  a  aiavinn  am  \  ai  o  of  aior*:  tM.in.-  . 

I'h*  iran.'ir.ill*  r  b.t.-  l.’.  ^  f  -1  '  in-  n  t  oai-.^^ii  i :  an.- n; . .-ion  .:ra  ta.ijvt*;  it  rnuiiai..-  frt>m  i.bi, 

*^Jlo  kv.  of  a\t  ra,m  pttv.  t  r  ai  a^.aibt  .  {'la  pov.  t  r  Ifoni  *  at  b  (M  im  ,"t  ii!,t  1."  ta\'itit  a  iiro  lour 

t  ij.iai  aiuounl.-  lo  t  >.t  lb •  it.i-  t  i^iy’  ina.i.  b  oat  r  in  t  i,»!  lijt  virray. 

Ihf  1*  t'ln  r  i:rit.">  aia  a  ..ni’ja*  at-:,L^n  ui  ’’ i  i’o'a,Lin"  ..int  r,  ibt  y  t  t  mi,  pr  i.-t  it  f.b  r  ttMiamioi 
v.i.itli  i.T  yi  t  on* inaalio-'i  u.*'  ibf  mm  r  toMia.n  lor  ol  li.f  n-1  ^  ii.t  t.  *  .  .m.' m: .-^.-lon  iir.f  aiu:  ai,  (».:*t  r 

t.'una'iobir  .-inn.ar  itj  ai.  a^ainin-.m  t  naniit  ta'  lronw.in  llit-  u.-f  ol  liii.-  iy{)t  oi  .iia  in.-b  ati  ol 
.-lanciara  t.  o..i.‘-.i..t.t  ‘dain- nil.- .-omi  *int  ol  t  ij‘ai\at4.t  nl  t4.t  tlrna*  t, b..irai  it  li-lit  rt  iiib  t  a  li.t  t  o.- 1  (<! 
lilt  anit  nna  apia’oamiab  iy  .f-i  ptiat-nt. 

\l  oat  li  (  if  im  nl  (t  vt  ry  1  •i  -I  b  i  i  oitin^,  ibi  b  *  n  r  iiio  .-)  li.t  rt  n-  a  at  vu  t  u  oajio  r )  a  l.n  i, 

i  Mrae'.-  .'onif  <.>1  iln  t  m  r^y  from  li.t  main  lim  .  I  lio.-t  i  oapbi  ir-  ai'f  atiju.-lfti  .-o  ihal  t  at  ii  t  h  nu  n 

radialf.-  ajjpro.Mmalfly  li.t  .-aim  anionni  of  pov,  t  r. 

*  The  solid  angle  covered  by  this  specification  is  substantially  larger  than  that  required  for  sun  studies  only.  The 
desire  to  make  the  antenna  suitable  far  other  radio  astronomy  studies  justifies  the  increase. 
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Fig.  3.  Solid  ongle  over  wliicli  the  beam  of  the  principal  array 
ontenna  can  be  scanned  without  the  formation  of  a  groting  lobe 
(outside  shaded  aieai. 


Fig.  4.  Geometry  of  trough  line. 


In  ui'drr  ti)  St  an  ihr  Insim,  Ihr  pluisi*  td'  llu'  (.'nrrciit  in  isu.h  fli'inml  nuisl  tx'  (■a))ablr  (;!'  b(‘ing 
fhan^fd.  'rhis  pluix-  is  Lidjiislnl  by  in.-^friiii^  llu-  proper  of  bb-tjbni  (Idi-h/  (  )  caiilr  In-lAis-n 

the  eenplers  and  the  tirivin^  puini  ut‘  the  rlerneiits.  The  required  t  abh'  leiipth  is  ubuiined  by  the 
eoinbination  t>t'  l\)ur  eabies  with  tlu  lenathr^  ^  d.,  A  -1,  A  ,  atid  A  In  (A  is  the  wavelength  in 

(■  e  t:  t:  i 

the  eabli').  i'lu>  |)haM'  ut’  the  exeitinj^  eurrent  uf  eaeh  eb'ineni  may  thus  bf  iidjustetl  H‘  within 
1  1  .  1)1'  the  desired  value. 

B.  Detailed  Description 

1 .  hleineiit  Spaeini^ 

In  tualei"  tu  la  ali/.e  tlu  array  with  a  nuniniuin  iminbrr  id'  t  •  1«  ■  im -nt ,  the  spacin^^  Ix-twceii  ele¬ 
ments  mu.'^t  1)1  vi.-,  lari;e  as  iea.-^ible  w.itluiut  deti'riuratnid  tlu  I'adiation  pattern  by  the  ajjpeai’ance 
ul'  a  ^ratin,Lt  l^’be.  This  reipii  renieiii  establishe.'^  the  maximum  .-ipaeing  betwiwn  eienientM  ior  a 
given  lattiee  arrangenu  iit  and  I'ur  a  gi\'i  n  maximum  .-i  aii  angle,  A  s (juare  - lattn  e  arrangement 
was  ^diuseii  ior’  the  t  I'ans  mitt  ing  .irray.  A  triajigulai-  lattiee  ',\ould  have  been  a  bi'lt.s-  i  hoiee  be¬ 
cause  a  reduetion  oi  about  1  “i  peiaeiit  oi  the  nuinbi  r  of  element.'^  luwded  w.uuid  have  I’esuTcd.^ 
llow.ever,  this  iai  i  became  kni)\‘,  n  to  :lu  auMunx--  teo  late.  I'Tr  the  sipiare  lLit‘ice,  t.he  ina.xiinum 

sovieing  d  bet'.‘.  (  ei;  e.i  nu  ids  i.*^  obiaineii  i  roin  the  relation 

‘  max 

d  A  (  1  •  -ill  ()  )  ,  (1) 

max  max 

whei’e  ()  i.*^  the  Lt r gi ■ 1  > mil .  aimle,  nu-a.-ured  iraun  tlu'  armav  nernno,  1- or  n  nO  ,  d 

max  '  •  ‘  max  iiuix 

U.5  3aVA.  A  de.'^ign  value  oi  t).  a  5-1  3 A  (.1  3  ieet  f  iiicdies  at  thi'  cu'.-ign  irec|ueiu  y)  has  been  oho.-^en. 
With  this  spai  ing,  the  patti  rn  I'rei  of  a  grating  lobe  lor  .-van  aiig'.i  a.-  .arg<  a.'  ^d.ro  in  the 
two  pi’iiic  ipal  piaiie.'^.  In  other  plain.-,  ihi.-  ])rcjpei'ty  ixi.-t.-  ior  .-till  l.ar'ger  si  an  angle.-,  a.-  .-hown 
in  I’Tg.  3.  (In  till.-  figure,  raoial  di-tame.-  Lire  ])ropor’tional.  to  net  lination  angle.-,  Liiui  auimuth  is 
measuriwi  from  the  south,)  Tlu  sv  lUI  angles  for  w  tm  h  lI  glutting  !obe  et.i.-n-  a;u  luv  Lited  in  the 

shadeni  I’c-giom-  oi  the  iigure.  The  houiuiLiry  bi'two  es  the  tv,  o  r'cgion.'  i.-  the  lov  a-  oi  beam  direi  - 

tium-  tor  Wliic  h  a  giUltin^  ivjln  l.-  bO'llU'U  in  the  piLllji  ul  1 1  ije  liI  1  l1\  .  I  hi  LiinpLltUia  oi  thl.—  iobe  1.- 

very  .-mail  because  the  eleim  ut.-  ruidiate  very  little  t  luU'gy  in,  or  :.e  ug  this  jilLiiu  . 

d.  f'eed  Aetw  orh 
a.  hec'der  lanes 

'i'he  5dU-kw  output  oi  the  train-mitti  r  n-  .-upplied  in  two  o-l  null  eoaxiLii  inum.  Macdi  of 
these  outputs  is  divided  into  four  eqinil  part.-  by  ihrei  d.  1  power  nividers  wlueli  consist  of  a 
standard  0-1  H  inch  tee  and  a  (juarler  - w  Ltveleiigtb  t  ran.-for me r  to  c  onvert  the  ds-ohin  imj)edani  e 
level  at  the  center  of  the  tee  to  the  TU-ulnn  (  haraeteiustic  inqiedaiu  e  of  the  t ran.-iniss ion  line. 
Kight  transitions  eonneet  tlie  taghl  o-l  h  inc  h  eoa.xnd  lines  to  the  trough  lines.  The  geometry  of 
the  trough  line  is  shown  in  i'Tg.  4.  Us  i  enter  eondiu  lor  is  a  eoiuinuation  of  the  center  c-ondui  tor 
of  the  6-1/ K  inch  line  ( d,  S(JiJ -nu  h-diametiu'  coppeu’  tailing).  I'he  outer  eonductor  is  an  alciad 
aluminum  sheet  bent  in  a  cdianmd,  or'  trough;  the  eopper-i-miter  conductor  wa-  used  to  n-duca'  the 
transmission  line*  loss.  Tlu‘  characUadstie  impiuiarui*  of  this  paiTiculai’  litu*  is  adjusted  by  the 
pro})er  selec  tion  of  the  distanc  e  of  tlu*  c  entc-r  eoruiuetui'  fr-orn  tlu’  top  oi  the  ti’ough.  The  position 
indicated  in  h'ig.  4,  with  the  ecmtc’r  of  the  inner  c-onducloi'  d-3,  h  iru  lies  from  du‘  '.op  inside*  sur¬ 
face,  results  in  a  5U-ohm  charactei'istic  impedance*. 
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'}  i>  I'l  aparl.  rill  li  tp-li»-l  loM  ul  11  r.iMi*  l  n  i.a  l .  1 1 1;i  i!  b\  al'.a  luli^'  It.i  lliia  V  •  utniui  lur  ’u  a  i  otai  .k- 
ill.- 11  lai  I  >i‘  .s  liii  h  1  till  I.  I4I.  *i  Ill'll  lu  traj)^  ai  in.  •  ti.f  hi/’oin  ol  M,i  Ili'-  .-iiui^. 

I  <  I  I  tit  rii  it  it  'A  iiii  ti  I  all  *  i  1  .  I  M  I  'AT  I  ai ;  hi it  1 1  i  I  t  ta  ^  ha  rai  U  •  i'  1  -  U  i  l  in|H  'ilaiu  i  uh  *  aht.  hw .  \  . 

1  \i  ry  \  1-  ^  ■!  h'l  ’  Ui’  ‘'a*  r  '  iiiip'a  r)  tin  iiiiu  r  i  uiat'n  tor  1.'  i  iianjj^i'd  In  a  ^.hl)(j-inrli  (  Jli  i  oh- 

h'.a  'ur  tor  a  l-iiii  li  li  iiihh.  riii-  jn'i'iiih.  thi'  li  iiiiii  r  i  mului  tur  ta  .-hp  iiiruiii'  thi,-  .at’f  r 

0  ii- .  t  ai  ii!  via  t  A  I )  a  r<  pu  h  i  <  i  i  *r  <  t  la*  r  hv  a  ho.  i  -  ’  j  '*  »  . .  i  ill  j  1  to  in  --u  I'c  fjca  id  o  01  itai  t .  I  lii a  r  - 

rail, .a  iiu  i.t  a!,  i;  pi  run’:-  ila  m  .1-  i  lahiy  o:'  i  ai  h  i  oapii  r  iia  i  uai  iua  i  ;y .  'I  iir  o.i'or  i  onilin  tor  al  ihi' 

I  oupa-r  loi'alloil  1.-  a  i  a.-itiup  ''  iru  la  lotip. 


Fig.  5.  Coupler  section. 


With  a  ti’ou^ii-tiaii.'' nu.-.-^ioii  aiu',  a  r^inail  amount  ol  pov.  i  r  I'aiiiati'ii  ti»i'uu^h  tho  upon  .^idta 
If  till'  I  uinbinatioii  of  i  oiuliu  tui'  lo.-.-  and  radialod  lo.-;.-  i>  oiiual  to,  or  loss  than,  tlio  triinsniission 
io.-.s  of  tilt'  statidiirci  5-1  ^  inoii  ooaxia!  t I'liii.- mis. -.1011  lino.  v.  liii  h  Alis  oonsidorod  to  havo  satisfao- 
tory  porfoi'inaiu  o,  tho  trou^ii  lino  .\:ii  ai.-o  hi-  .--ati.'-fai  tory,  ."'iia  i  tiio  io>.->  of  i- 1  h  iiudi  lino  is 
O.dUOT  dij  foot  at  tho  (;poi‘atiii^  l'ro<}uoni  y,  tlio  u.'^uai  inothods  of  moasui'iiiu  111,'-^ o I'l lun  loss  i  annut 
bo  used.  hhoi'ofoi  o,  an  opon-i  ii  i  uitod  iniif-v.  avolonpuh  si-i  lion  of  trou^li  lino  ami  of  5-1  h  inoh 
c  oaxial  lino,  l^oth  of  wliioh  had  adju.-^tablo  iniioi'  oondin  toi'  loii^tlis,  was  oon^truolod  and  tho  trans- 
inissiun  loss  was  dotornunod  hy  tho  i  avity-rosonaiioo  motliud.^  Kosonaiu  o  is  oljtainod  by  olianging 
oithor  tho  iongth  of  tho  innor  ooiiduotor  I-  oi’  tho  fit'ijuoiu  y  f.  I'ho  ait‘‘nuation  l  onstaiU  n  of  tlio 
transmission  lino  is  I'oialod  to  tho  nioasurod  C^,  at  I'osonanoo,  by  tlio  formula 
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Fig.  6.  Coupler  design. 
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3.  b‘ouplin4  Cbyatfi'  a'tS.  ( 'a :i ’n<i‘.  ion 

In  ordm'  to  tqjlinu/a'  tb*  anti  nna  .Ltiiin,  an  aijaal  amount  ol  jio'Sar  mil.-’  ija  t  ouplaii  lo  oath 
dipolo.  Hcoauso  tin  amount  ol  poVvff  in  .i  i'it‘s  ft  ad  lino  liat  faaso.-^  v.  iili  ilisiant  o  from  il.-^  input 
by  tho  anK.>unt  of  jjowor  fachatoU  up  ‘o  this  point,  it  n-  nm  os.-ary  to  im  roa>i‘  liio  ooujjiini^  iii  llio 
samo  pi'uportiun.  i'ho  rocjuiiaai  t  ouplnm  oaii  bo  labulalod  laadi.y,  pia>\‘idod  no  rofloatod  wavo 
propagates  in  tho  lino.  bin.-  i.-  appr oviniatoly  tho  t  aso  for  lofig  food  linos  torminatoil  in  a  load 
absorbing  about  lU  jjon  ont  or  mono  of  ilr  injoit  jjov.orn  In  tin  pia  sonl  array,  no  torininaling 
load  was  used  in  urdor  to  furiln  r  ma\inu/e  tin  gain  (tlio  last  dipolo  i.-  tho  load),  Thoro  are  re- 
flooted  waves  of  apjjretiabli  amplituiio  in  tho  food  lino,  p.irtiouiarly  toward  Us  ontl  adioro  tin* 
eou[)ling  IS  largo,  and  tho  laloubUion  of  l  oupling  i  ooffu  lonts  tfien  bei  onios  soinewhai  mori' 
coni])lic  ated. 
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The  equivalent  network  of  a  series  feed  line  with  capacitively  coupled  loads  is  given  in  Fig.  9, 
and  all  impedances  are  normalized  to  the  line  characteristic  inqietlance  (50  ohms).  The  values 
of  capacitive  reactances  are  calculated  so  that  an  equal  amount  of  power  is  transferred  to  the 
dipoles,  which  are  assumed  to  have  a  real  impedance  of  50  ohms.  I'lie  calculation  is  carried  out 
in  the  following  manner. 

Beginning  with  the  last  element  (load)  aci'oss  which  a  unit  voltage  is  assumed  to  exist  (and 
therefore  from  wliieh  a  unit  power  is  radiated),  the*  voltage  across  the  preceding  load  is  cal¬ 
culated.  The  value  of  the  coupling  capacitor  for  this  load  is  calculated  such  that  a  unit  power  is 
also  I'adiated,  The  inflection  coefficient  at  this  point  is  then  calculated,  and  from  this  the  voltage 
aci'oss  the  next  jireceding  load  is  calculated,  and  so  on, 

d'he  following  formula  relates  the  voltage ,s  between  two  successive  couplers 

^  (1  +  ,  (<i) 


where  V  is  the  complex  rnflection  i:ucfficit.*i'.t  at  idcmciU  n,  is  the  line  attenuation  constant 
n  ' 

per  section,  and  O  Zrrd  A  is  the  electrical  length  between  successive  couplers,  d'he  reflection 
coefficient  at  coupler  n  (including  this  coupler)  is  given  by 


r  (1  -  V  )  (1  4  Y  ) 
n  n  n 


(3) 


whei'e 


1  (l-jX_^) 


(4) 


and 


X 


l  V, 


-  11 


(5) 


In  practice,  the  reactance  of  a  coupler  is  measured  by  ])lacing  it  in  a  line  terminated  by  its 
characteristic  irni^edance  as  shown  in  the*  circuit  diagram  of  I-’ig,  10,  The  ])ower  coupled  to 
a  50-ohm  load  at  the  output  ot  the  couplei*  is  then  related  to  the  forward  [:>ower  by  the  relation 


P  /  P,,  -  [X‘ 


,  -1 


(6) 


The  eoupling  value  of  a  eoupler  is  defined  by 


C 

n 


10  logdyPj.) 


(•<■) 


Ol' 

= -10  log(X_^^  +  ^.a5)  .  (8) 

Substitution  into  Fq.  (8)  of  the  capacitive  reactance  found  in  Kq,  (5)  yields  the  required 
coupling  values  as  a  function  of  element  number.  The  operations  rej^resented  by  Eqs.  (7)  and  (8) 
were  programmed  on  an  IBM-7090  computer  for  an  attenuation  constant  a  =  0.001270.  This 
attenuation  constant  corresponds  to  an  insertion  loss  of  1,4  db  for  the  full  length  of  the  feeder  line 
(1750  feet).  The  electrical  sjjaeing  0  between  couplers  was  192®, 

The  calculated  values  of  coupling  as  a  function  of  eoupler  number  are  plotted  in  Fig.  11.  The 
small  ripple  on  the  curve  results  from  periodic  reflections  at  the  couplers.  For  comparison,  the 
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coupling  values  obtained  under  the  assumption  that  no  refleetion  exists  in  thw  line  are  also  plotted 
in  Fig.  11.  This  coupling  coefficient  is  given  by 

=  a/((l  -  a)"*^  -  1  +  a)  S  (1  -  a(N  -  n)/<>)/(N  -  n  +  1)  ,  (9) 

where  is  the  ratio  of  the  power  coupled  to  element  n  to  the  power  in  the  line  at  element  n,  a 
is  the  fraction  of  power  loss  per  section,  and  N  is  the  total  number  of  elements  in  the  line.  This 
approximation  yields  lower  coupling  values  than  the  exact  calculation. 

In  practice,  it  is  necessary  to  reduce  the  number  of  different  couplers  required.  This  has 
been  done  by  making  a  1-db-step  approximation  of  the  coupling  curves.  The  coupling  design 
values  thus  obtained  are  indicated  by  dashes  in  Fig.  11.  These  design  values  were  derived  from 
the  approximate  curve  because  the  exact  calculations  were  not  available  at  the  time  that  construc¬ 
tion  of  the  principal  array  was  started. 

4,  Power  and  Phase  at  Feeder  Line  Outputs 

The  coupling  values  chosen  for  the  design  differed  somewhat  from  the  required  exact  values, 
and  this  resulted  in  a  slightly  non-uniform  distribution  of  power.  Also,  by  periodically  loading 
the  feeder  lines  with  the  capacitive  couplers,  the  wave  velocity  in  these  lines  was  reduced.  The 
phase  of  the  wave  at  the  coupler  output  is  related  to  this  velocity  and  to  the  phase  shift  that  occurs 
across  the  coupling  capacitor.  These  two  factors  vary  appreciably  and  non-uniformly  along  the 
line,  principally  toward  its  end. 

The  power  and  phase  of  the  wave  dissipated  in  50 -ohm  loads  at  the  feeder  line  terminals  have 
been  calculated  for  the  design  coupling  values  given  in  Fig.  11.  The  power  coupled  to  the  loads 
as  a  function  of  element  number  is  plotted  in  Fig.  iZ.  On  this  graph  the  coupled  power  is  in 
decibels  with  respect  to  the  level  at  the  input  of  the  feeder  lines.  The  power  coupled  to  the  loads 
indicates  a  substantial  increase  toward  the  end  of  the  line.  This  is  due  to  a  poor  approximation 
of  the  ideal  coupling  values.  Measured  values  of  power  coupled  into  50-ohm  loads  are  also  shown 
on  the  graph. 

The  principal  effect  of  periodically  loading  the  feeder  lines  with  the  couplers  is  to  increase 
the  phase  of  the  wave  at  the  output  of  the  couplers  as  compared  with  that  of  the  unloaded  line. 

This  phase  inerease  is  plotted  in  Fig,  13  with  respect  to  the  phase  of  the  voltage  that  appears 
across  the  last  element  in  the  line.  It  is  observed  that  the  increase  is  not  linear,  but  beeomes 
progressively  greater  toward  the  end  of  the  line.  This  nonlinearity  is  corrected  by  appropriately 
ehanging  the  electrical  path  length  in  the  branch  lines.  If  left  uncorrected,  a  reduction  of  gain 
of  about  1.5  db,  accompanied  by  a  degradation  of  patterns,  would  result  as  shown  in  Sec.  II-D. 

Phase  measurement  at  the  coupler  outputs  was  indirectly  carried  out  by  measuring  the  phase 
differential  between  sueeessive  couplers.  The  measured  values  of  this  quantity,  together  with 
their  ealeulated  values,  are  plotted  in  Fig.  14  for  one  of  the  feeder  lines.  Essentially  identical 
results  were  obtained  from  all  feeder  lines.  Both  the  power  and  phase  measurements  show 
variations  appreciably  larger  than  their  calculated  value.  The  following  factors  may  account  for 
the  observed  discrepancies: 

(a)  The  couplers  of  the  principal  array  were  modified  to  improve  their 
breakdown  characteristics  which  may  have  reduced  their  coupling  by 
as  much  as  1  db. 
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(b)  riie  bullet  connections  of  the  principal  array  feed  line  were  unsat¬ 
isfactory.  In  various  instances  throughout  measurements,  the  center 
conductor  of  some  of  the  lines  was  open-circuited  to  DC  and  the  HK 
power  dropped  at  some  bullet  connections  by  as  mucli  as  3  db,  cor¬ 
responding  to  a  series  capacitive  reactance  of  about  100  ohms. 

Although  these  extreme  eases  were  corrected,  no  attempt  was  made 
to  correct  tlie  lesser  ones. 

(c)  Keflections  at  the  supports  and  spacers  for  the  center  conductor 
were  neglected  in  the  calculation. 

h'urt  her  more,  small  time  vaiiations  of  the  phase  and  power  at  the  output  of  the  couplers  were 
observed.  These  variations  are  believed  to  be  due  to  the  expansion  or  contraction  of  the  lines  as 
a  result  of  environmental  changes. 

5.  VSWH  at  Feeder  Line  Input 

The  spacing  between  the  couplers  is  ecjual  to  the  element  spacing  (13.75  feet).  At  the  design  ■ 
frequency  this  corresponds  to  an  electi’ical  lengtli  of  19^. 4^  a  value  sufficiently  far  from  the 
resonant  lengtli  to  insure  a  low -input  VSW'K.  Tlie  calculated  value  of  this  parameter,  obtained 
as  a  by-product  of  the  coupling  and  phase  calculation,  is  about  l.ii0:1.0.  Measured  values  of  the 
main  array  feeder  lines,  with  50 -ohm  loads  in  place  of  the  dipoles,  yielded  an  average  value  of 
l.iiZ:1.00.  When  the  antenna  is  operated  in  the  normal  manner,  the  input  V.SWH  is  also  dependent 
on  scan  angle.  This  dependence  is  very  slight,  howt‘ver,  for  all  scan  angles  except  at  and  near 
broadside.  At  broadside,  the  input  \''SWH  of  the  feeder  lines  should  be  no  greater  than  the  VSWH 
in  the  branch  lines,  or  about  1. 5:1.0. 

6.  Protective  Network 

In  a  large  array  subjected  to  high  input  powers,  a  breakdown  may  occur  in  the  feeder  lines 
without  any  appreciable  change  of  the  power  reflected  to  the  transmitter  output  stages.  To  pre¬ 
vent  the  damages  caused  by  such  a  breakdown,  the  feed  network  must  include  a  device  from  which 
an  indication  of  breakdown  is  obtained.  Such  a  device  was  realized  by  monitoring  the  DC  flow 
that  results  when  a  DC  voltage  is  applied  across  the  line.  Since  the  lines  are  open-circuited  to 
DC,  only  a  leakage  DC  flows  in  normal  operation,  and  a  breakdown  is  indicated  by  a  current 
increase  which  can  be  used  to  turn  off  the  transmitter. 

In  order  to  simplify  the  task  of  finding  the  breakdown  location,  all  eight  feeder  lines  w'ere 
DC  decoupled  to  permit  the  application  of  a  separate  DC  voltage  on  each  of  them.  A  DC  block 
was  installed  in  series  with  the  center  conductor,  at  the  input  to  each  line,  by  means  of  an  open- 
circuited  quarter-wave  coaxial  line  built  inside  the  center  conductor.  A  high  RF  impedance  net¬ 
work  was  provided  for  the  application  of  the  DC  voltage  to  the  line.  This  network  consisted  of 
a  half-wavelength  line  connected  in  shunt  with  the  main  line  and  open  at  its  far  end.  The  DC 
voltage  was  applied  at  the  quarter -wave  point  (at  a  voltage  node). 

The  HF  components  of  the  protective  network  are  shown  in  Fig.  15.  The  measured  decoupling 
between  the  KF  and  the  DC  inputs  is  somewhat  greater  than  70  db. 

7.  The  Array  Element 

In  order  to  realize  the  specified  scan  capability,  the  array  element  must  have  a  broad  pat¬ 
tern  centered  on  the  zenith  axis.  The  half-wave  dipole  best  meets  this  requirement,  and  is 
structurally  simple  and  relatively  inexpensive  to  build. 
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Since  the  principal  characteristics  of  the  radiation  pattern  of  a  large  array  are  controlled 
principally  by  the  array  factor,  significant  modifications  of  the  elements  have  little  effect  on  it. 
For  instance,  the  length  of  the  dipoles  and  their  height  above  ground  may  be  varied  appreciably 
without  any  sizable  effect  on  the  antenna  gain,  beamwidth,  or  near  side-lobe  level.  Such  varia¬ 
tions,  however,  produce  appieciable  changes  in  the  dipole  radiation  impedance.  In  the  present 
design,  the  length  of  the  dipoles  and  theii*  height  above  ground  have  been  chosen  to  yield  good 
impedance  characteristics. 

1  he  impedance  of  a  given  dipole  in  the  array  is  quite  different  from  its  value  in  the  absence 
of  the  other  dipoles.  When  placed  in  the  array,  the  dipole  impedance  is  modified  by  a  quantity 
which  depends  on  its  location  in  the  array,  on  its  orientation,  on  the  beam  direction,  and  on  the 
element  spacing.  However,  when  sufficiently  remote  from  the  edges  of  the  array,  the  location 
factor  has  very  little  effect  and  all  dipoles  have  nearly  the  same  impedance  independently  of  the 
array  size.^  In  the  present  array,  the  dipoles  are  oriented  l^-W  (perpendicular  to  the  row’s 
direction)  and,  except  for  the  dipoles  located  on  the  perimeter,  their  impedance  may  be  approxi¬ 
mated  by  the  large  array  value  for  most  practical  purposes.  'I'he  calculated  impedance  of  the 
dipoles  in  the  array  is  the  subject  of  the  next  section. 

a.  Kadiation  Impedance  of  tlie  Dipoles 

The  impedance  of  a  dipole  embedded  in  the  princij)al  array  has  been  calculated  for  practical 
values  of  dipole  length  and  for  a  height  above  ground  of  0.18  5\.  Impedance  dej^endence  upon  scan 
angles  was  assumed  to  be  that  predicted  by  Edelberg  and  Oliner,^  in  a  study  leased  on  a  periodic 
structure  approach.  This  dependence,  for  an  array  jjhased  to  generate  a  beam  in  a  direction 
^o'  polarized  perpendicular  to  the  jjlane  -  0  (Kig.  16),  is 

z(e  ,(/))  =  H(e  ,(/>)+  jX(o  ,  (/)  )  (10) 

with 

R(©^,  =  R(0,  0)  sin"^  (kh  cos  O^)  [cos"^  +  sin"^  0^  cos'^  (^^]/[cos  sin"^  (kh)]  (11) 

X(e^,  (jp^)  =  X(0,0)  -  K(0,  0)/tan(kh)  +  H(0,  0)  (cos'^  cos"^  <p^) 

X  sin  (Z)<)i  cos  G^)/[Z  cos  sin'^  (kli)J  ,  (l-i) 

where  R(0,  0)  and  X(0,0)  arc  the  broadside  radiation  resistance  and  reactance,  respectively,  h  is 
the  dipoles'  height  above  ground,  and  k  =  Z7r/\.  The  range  of  usefulness  of  this  expression  has 
not  been  studied,  but  it  is  believed  that  it  becomes  inaccurate  as  the  beam  approaches  directions 
for  which  a  grating  lobe  exists. 

The  impedance  variation  for  scan  angles  located  in  the  meridian  plane  is  of  principal  interest 
because,  for  most  applications,  the  beam  is  located  in  this  plane.  This  is  obtained  by  making 

=  0  in  Eq.  (10)  and  is 

Z(©o,  0)  =  R(0,  0)  sin"^  (kh  cos  0^)/cos  sin"^  (kh)  +  j[X(0,  0)  -  K(0,  0)/tan(kh) 

+  R(0,  0)  sin(Zkli  cos  e^)/(2  cos  sin'^(kli))  .  (13) 
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Fig.  17.  Feed  point  impedance  of  a  dipole  element  inside  the  infinite 
array  (dipole  diameter  =  1.75  inches). 
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Fig.  18.  Feed  point  odmittonce  normalized  to  13.  3  milliohms  of  o  dipole 
element  inside  the  infinite  orray  (dipole  diameter  =  1 . 75  inches). 


The  radiation  I’csistaiiee  and  reaetaiice  at  bi'oadside  were  taken  to  be  that  of  the  center  dipole  of 
a  3  X  i  uniform  array.  'Fo  the  authors'  kno\vk‘(.lge.  values  of  mutual  imjjodances  between  near- 
resonant-finite  cross-section  dipoles  have  been  published  for  parallel  side-by-side  dipoles  only.*^ 
F‘or  tile  staggered  and  eollinear  dipoles  of  the  3  x  3  ai'ray,  mutual  impedances  were  ajijjroximatcd 
from  their  value  for  the  inlinitely  thin  resonant  dij)oles.  d'he  resulting  dijiole  base  impedance  as 
a  function  of  scan  angle  is  jilotted  on  a  Smith  cliart  for  three  values  of  dipole  length  (Kig.  17). 

Tills  jilot  is  believed  to  be  accui'ate  within  about  10  j)ercent. 

b.  Matcliing  Network 

'File  previous  feed -point  (or  base)  impedance  calculation  ap[)Iies  to  a  dijiole  embedded  in  a 
large  array  in  which  all  dipoles  are  excited  by  currents  of  ecjual  ainjTitude,  oi*  in  which  the 
amplitude  variation  from  eUmieiit  to  element  is  so  small  as  to  be  considei'ed  constant.  In  the 
present  array,  this  is  not  the  case.  The  amplitude  of  tlie  current  in  the  dipoles  dej^ends  on  the 
amount  of  powei’  coujjled  fi’om  the  feeder  lines  to  tlic*  ij ranch  lines  wliieh,  in  turn,  dejjends  on  the 
impedance  at  the  couj^lers'  output,  looking  toward  tlie  dijjoles.  As  the  length  of  the  branch  lines 
varies  from  element  to  clement  to  jiroduce  the  re(|uired  jiliase  tajier,  this  impedance  varies 
wlicnever  reflected  waves  exist  in  the  branch  lines.  I'nder  this  condition,  the  dipoles  arc  non- 
unifornily  excited  and  their  imjjedanee  becomes  a  function  of  ]josition  in  the  array,  'Flic  calcula¬ 
tion  of  dipole  imj^edances  in  the  j)resence  of  mismatches  in  tlie  branch  lines  is  very  complex  and 
has  not  been  attempted.  However,  measurements  have  shown  that  the  imjjedanee  variation  with 
scan  angle  is  ajjpreciably  larger  than  that  prediettai  on  the  basis  of  eciual  dijjole  currents  (FTg.  17). 
For  instance,  when  the  di])oles'  length  is  set  at  138  inches  and  a  (juarter-v, avelength  75-ohm 
transforiiKU’  is  interposed  between  t*ach  tIij)ole  and  the  5U-olim  jihasing  cable,  a  VSWR  of  about 
1,,15  for  a  scan  angle  i>f  30"  and  only  1,8  for  may  bt*  t‘XjM*cted  when  equal  currents  flow  in 

all  dipoles.  However,  in  thi*  actual  array,  the  ri'latKJiishij)  between  the  dipoh'  current,s  is  so 
altered  by  the  mi,smatches  that  a  iniu.h  largi*r  change  of  \’S\\  It  occurs.  The  meas'urements 
described  in  a  later  sectnm  indicate  that  this  I’hange  is  so  tirastie  in  some  cases  that  elements 
are  found  which  absorb  ijcjwer  instead  of  radiating  it. 

To  i)rc‘vent  high  ehunent  mismateluxs  at  any  of  the  sixin  angles  of  o])e ration,  each  element 
was  provided  with  a  dual -])aranu*ter  matching  network.  This  network  consists  of  a  quarter- 
wavelength  7 5- ohm  transformer  and  a  shorted  stub  shunted  across  the  dijjole  feed  jjoint  (see 
Fig.  2),  The  length  of  this  stub  is  variablt*  and  so  is  the  dipole  length.  The  o]icration  of  this 
network  may  be  understood  by  refoi’ring  to  h'ig.  18,  whore  the  data  of  FTg,  17  are  re  plot  ted  in 
terms  of  admittance  normalized  to  1  T3  milliohms  (Z^  -  75  ohms).  In  order  for  the  impedance  at 
the  transformer  injjut  to  be  50  ohms,  the  impedance  a]jpearing  at  the  other  end  must  be  llZ.5ohms, 
or  the  admittance  must  be  0.66  when  normalized  to  13.3  milliohms.  At  any  of  the  scan  angles  of 
interest,  the  dipole  length  may  be  adjusted  so  that  its  normalized  conductance  will  be  0.66.  By 
shunting  a  stub  of  proper  inductive  susceptance  across  the  dipole  feed  point,  a  perfect  match  is 
lealizod  for  this  scan  angle.  The  shunt  stub  consi.sts  of  a  ijarallel  lino  made  of  1/2  x  1/2  inch 
angle  aluminum  spaced  about  3.5  inches.  The  measured  characteristic  impedance  of  the  line  is 
285  ohms.  The  stub  and  dipole  lengths  required  to  provide  a  match  for  practical  beam  directions 
located  in  the  meridian  plane  are  plotted  in  Fig.  19. 
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Fig.  19.  Stub  ond  dipole  lengths  required  to  motch  the  element 
impedance  to  50  ohms  as  a  function  of  beam  direction. 
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Fig.  20.  Equivolent  circuit  of  bronch  lines  with  dipoles. 


c.  Kffects  of  Mismatclies  in  the  Blanch  Lines 


The  phase  of  the  excitation  current  of  eacli  element  is  adjusted  in  the  branch  lines.  The 
electrical  lengtii  of  these  lines  is  therefore  a  function  of  tlie  re(|uired  beam  direction  and  of  the 
element  location  of  the  array.  When  scanning  in  tlie  N-S  plane,  tlie  dependence  on  location  is  a 
function  of  the  position  in  a  row  only.  This  function  varies  in  a  sawtooth  manner  with  a  "phasing 
period"  equal  to  the  number  of  elements  over  wliicli  the  phase  increases  by  360®.  When  a  reflected 
wave  exists  in  tlie  phasing  cables,  the  excitation  of  the  dipoles  is  not  uniform  because  of  the  vary¬ 
ing  impedances  reflected  at  the  couplers.  The  effect  of  mismatches  in  tlie  branch  line  on  pattern 
and  gain  can  be  estimated  in  the  following  way. 

The  circuit  representation  of  the  branch  lines  is  given  in  Fig.  ZO.  The  current  in  dipole  n 
may  be  shown  to  be 


r 

f  ,  Bzi  1 

exp  [-  jO^^l 

1  *  JB 

[  ^01  J 

|1  +  r,^exp[-jZtan- 

(14) 


where  is  the  electrical  length  of  the  phasing  cable  to  element  n,  is  the  voltage  across  the 
feeder  line  at  coupler  n,  is  the  capacitive  reactance  of  that  coupler  normalized  to  50  ohms, 
is  the  phasing  cable  characteristic  impedance  (50  ohms),  Z^  ^  is  the  quarter-wave  trans¬ 
former  ciiaracteristic  impedance  (75  ohms),  B  is  the  stub  inductive  susceptance,  and  is  the 
complex  reflection  coefficient  at  the  driving  point  and  is  equal  to 


^  (Y  -JB)-  1 
z-Qi  n 


^  (Y  -  jB)  +  1 
^01 


(15) 


where  is  the  radiation  admittance  of  dipole  n. 

For  most  of  the  line  couplers  ’>  and  foi’  all  scan  angles  of  interest,  B  ^  ^01^'^OZ* 
Furthermore,  the  power  reflected  back  from  tlie  branch  lines  into  their  feeder  line  may  be 
neglected  for  most  of  the  line  length  since  the  coupling  value  is  small.  Under  these  conditions, 
the  current  in  dipole  n  is 

'n  -  (1  -  exp[-  j20^1)  '  ' 

where  i  is  the  uniform  current  flowing  in  all  dipoles  when  =  0.  The  complete  solution  for 

^  th 

i^  involves  the  knowledge  of  the  F^,  which  is  a  function  of  the  feed-point  impedance  of  the  n 

dipole.  This  impedance  is  a  function  of  the  mutual  impedances  with  all  other  dipoles  and  could 
be  approximated  by  taking  account  of  the  mutual  effects  from  the  nearest  ones  only.  Solution  of 
this  problem  was  not  attempted,  since  the  mismatches  were  generally  small  and  not  too  detri¬ 
mental,  as  shown  in  the  following  analysis. 

Measurements  of  VSWR  in  the  branch  lines  indicated  that  the  amplitude  of  the  reflection 
coefficient  varies  about  a  mean  value  with  a  period  that  corresponds  to  the  "phasing"  period.  No 


*  is  roughly  proportional  to  \/l28  —  n  . 
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measure meiU  of  its  phase  has  been  made,  but  this  latter  may  also  be  assumed  to  vary  periodically 
about  some  mean  value,  and  with  the  same  period  as  the  amplitude  variation.  The  effect  of  mis¬ 
matches  in  the  phasing  cables  may  then  be  approximated  by  replacing  the  complex  reflection 
coefficient  in  (16)  by  its  average  value.  (The  effects  of  variations  of  this  coefficient  on  the 
radiation  pattern  and  gain  are  thus  assumed  to  be  small  and  are  neglected.)  The  dipole  currents 
then  become 

i  [1  -  jf')  t‘xp[-  jO  ] 

i  -  ^  ^  (17) 

n  (1  -  r  exp[- 

For  small  I’eflections  this  may  be  expanded  to  yield 

i„  -  iyll  -  jl’l  (oxp[-  +  r  exp[-  j30^]  +  exp  [-  j50^],  .  .  .)  ,  (18) 

The  dipole  currents  are  a  series  of  progressively  delayed  waves  of  complex  amplitude  proportional 
2  3 

to  1,  r,  r  ,  r  ,  .  ,  ,  .  I’he  pattern  resulting  from  such  an  excitation  is  therefore  the  sum  of  a 

scries  of  patterns  of  identical  characteristics,  hut  of  different  amplitudes  and  beam  directions. 

The  array  factor  of  these  patterns  is  in  the  proportion  1,  T  I  ,  '  F  '  .  .  .  ,  while  their  beam  direc¬ 
tions  are  related  to  the  phase  differential  between  successive  elements  (0—0  , ),  3(0  -  O  , ), 

^  n  n-i  n  n-1 

5(0^^  —  ^),  etc.  This  series  of  progressively  delayed  currents  may  be  interpreted  as  the  series 

of  waves  which  results  from  multiple  reflections  between  a  mismatch  dipole  and  the  high  imped¬ 
ance  coupler.  I'he  single  dedayed  wave  generates  the  desired  beam  and  the  multiple  delayed  ones 
generate  spurious  beams.  For  the  small  mismatches  occurring  in  the  array,  only  the  first  of 
these  multiple  delayed  waves  is  of  appreciable  amplitude.  It  will  produce  a  spurious  beam  in  a 
direction  related  to  the  principal  beam  direction  as  given  in  Fig.  Zl.  The  peak  of  this  spurious 
beam  is  related  to  that  of  the  principal  beam  by  the  square  of  the  average  value  of  the  reflection 
coefficient  and  by  the  relative  directivity  of  the  elcmtmt  pattern  in  the  directions  of  the  respective 
peaks.  In  general,  the  principal  beam  is  separated  from  the  spurious  beam  by  many  beamwidths, 
and  will  therefore  produce  little  distoi-tion  of  the  principal  beam.  The  pattern  measurements 
described  in  .Sec.  11-D  indicate  clearly  the  first  spurious  beam,  and  its  location  and  amplitude 
agree  well  with  prediction. 

Although  mismatches  in  the  branch  lines  do  not  affect  the  principal  beam  shape,  they  reduce 
the  power  radiated  in  its  direction,  'Fhc  gain  reduction  may  be  obtained  by  calculating  the  amount 
of  power  in  the  fundamental  component  of  the  dipole  current.  This  is  found  to  be 

3;^  (1  -  I'  I  )  ,  (19) 

where  is  the  input  power  to  the  array  and  N  is  the  total  number  of  elements.  The  power 
transmitted  in  the  direction  of  the  principal  beam  is  decreased  by  an  amount  proportional  to  the 
square  of  the  average  value  of  the  reflection  coefficient. 

The  power  coupled  to  the  dipoles,  when  mismatch  exists  in  the  branch  lines,  varies  from 
element  to  element.  It  is  convenient,  in  practice,  to  measure  the  respective  power  of  the  for- 
w'ard  and  reverse  waves  in  the  branch  lines  by  means  of  a  directional  coupler,  and  to  deduce 
VSWR  from  their  ratio.  These  powers  are  proportional  to  the  square  of  the  amplitude  of  the  re¬ 
spective  waves.  When  the  reflection  coefficient  is  replaced  by  its  average  value,  the  forward 
wave  power  is,  for  small  values  of  this  coefficient. 
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Fig.  21.  Direction  of  first  spurious  beam  os  a  function 
of  beam  direction. 

p,,  -  II  r  r  -f  2  r ,  COS  0  ]  .  (20) 

The  electrical  length  is  proportional  to  the  element  number;  therefore,  the  forward  wave 
power,  as  a  function  of  element  number,  is  periodic  and  its  period  corresponds  to  the  phasing 
period.  Measured  values  of  this  power  do  not  vary  exactly  as  predicted  by  Kq.  (20)  because  the 
reflection  coefficient  is  not  constant  from  element  to  element. 

d.  Mea.sured  \\S\VK  and  Helative  Power  of  F'orward  Wave  in  Branch  Lines 

The  power  coupled  to  the  dipoles  is  unifoi*m  (to  the  accuracy  of  the  design  values)  only  when 
no  mismatch  exists  in  the  branch  lines.  However,  a  mismatch  does  exist  for  some  of  or  all  the 
following  reasons: 

(1)  The  same  matching  network  is  used  for  all  the  dipoles,  even  though 
the  elements  on  the  edges  of  the  array  have  impedances  appreciably 
different  from  that  of  the  other  elements. 

(2)  The  height  of  the  dipole  above  the  ground  plane  varies  by  ±6  inches. 
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Fig.  22.  Relative  power  of  forward  wave 
and  VSWR  in  a  few  successive  branch  lines 
of  raw  5.  Dipole  length  128  inches,  stub 
length  34  inches. 


FORWARD  WAVE - VSWR 


Fig.  23.  Relative  power  af  forward  wave 
and  VSWR  in  a  few  successive  branch  lines 
af  raw  5.  Dipole  length  123  inches,  stub 
length  1  7  inches. 
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(3)  Vhe  setting  of  the  matching  network  is  based  on  calculated  values 
of  dipole  impedance,  which  are  approximate  and  in  which  the  effects 
of  dipole  supports  and  of  the  feed-line  structure  have  been  neglected. 

'riie  forward  wave  power  and  the  VSU'U  in  the  branch  lines  were  measured  for  a  representative 
section  of  the  array.  'I’his  section  consisted  of  (dements  Z7  to  3  6  of  rows  1,  3,  5,  and  7.  The 
measurements  were  taken  with  the  ai-ray  }diased  to  generate  beams  at  different  scan  angles  of 
0^  7.5**,  15®,  22. 5^  30^  37.5'’,  4  5'’,  52.5'’—  all  in  thc‘  southern  part  of  the  meridian  plane. 

These  measurements  wei*e  made  to  determine  the  angle  range  over  which  the  beam  could  be 
scanned  w'ithout  detrimental  effects  w'hen  the  matching  netw^oik  pararneter.s  were  fixed.  The  limit 
of  scan  is  principally  determined  by  the  condition  that  the  power  level  in  the  phasing  cables  should 
not  exceed  their  peak  carrying  capacity,  rnder  uniform  excitation,  each  of  these  cables  carries 
a  pow’er  of  about  400  watts,  W'hen  there  is  a  standing  wave  in  these  cables,  the  power  level  at 
the  peak  of  the  W’ave  is 

1  r  r  2 

V  ,  -  400-  (  ^  )  =^400(VS\VK]  watts  (21) 

peak  1  —  I  r  . 

This  peak  power  level  exists  only  if  the  correct  combinations  of  phasing  cable  length  and  reflec¬ 
tion  coefficient  phase  occur  at  a  given  element.  The  power-carrying  capacity  of  the  phasing 
cables  (HG-8  U)  is  conserv'atively  rated  at  1500  watts  at  40  Alcps.  This  value  has  been  exceeded 
slightly  by  allowing  peak  values  of  VSWH  as  high  as  2.0: 1.0  to  exist. 

The  VSW'K  measurements  in  the  branch  lines  were  obtained  as  follows.  Tiie  matching  net¬ 
work  parameters  were  first  set  to  the  calculated  values  (I  ig.  19)  for  a  scan  angle  of  about  30’ and 
the  V'SWK  was  measured  over  the  represmitative  array  referred  to  above  {  ^  y  b  array).'*'  These 
measurements  were  performed  when  the  excitation  current  of  the  elements  of  only  one  piart  of 
the  array  was  phased  properly,  'khe  size  of  the  array  chosen  for  this  purpose  was  such  that  no 
change  in  measurement  was  observed  by  increasing  it.  C.)nly  a  few  extra  elements  at  both  ends 
of  the  10  X  8  array  needed  to  be  added.  Actually,  elements  2  5  to  38  were  excited  properly 
(14  X  8  array)  and  measurements  made  on  eUnnents  27  to  3b  of  the  odd  rows.  Kxcitation  of  the 
remaining  elements  produced  a  beam  close  to  broadside*  fe^r  all  measurements.  Fairly  identical 
results  were  obtained  on  all  rows.  Typical  measurements  obtained  on  row  5  are  plotted  in  Fig.  22 
for  eight  values  of  the  scan  angles,  it  is  seen  that  for  scan  angles  down  to  4  5’,  the  chosen  dipole 
and  stub  lengths  yield  acceptable  results.  At  4  5’,  the  V'.SW'K  was  larger  than  2.0;  1.0  on  some 
elements.  At  52.5'’,  it  was  so  bad  that  some  elements  were  actually  found  to  absorb  power  instead 
of  radiating  it.  The  matching  network  parameters  were  then  changed  to  the  set  of  values  required 
to  provide  a  match  for  a  scan  angle  of  4  8’  and  the  VSWH  of  the  same  elements  as  above  again 
measured  for  scan  angles  of  45’  and  52.5’.  The  results  for  row'  5  are  given  in  Fig.  23.  Satisfac¬ 
tory  results  are  obtained  at  the  low  scan  angles  with  this  setting. 

The  array  has  been  operated  at  full  pow'cr  over  most  declination  angles  in  the  range  7.5’  south 
to  52.5®  south  in  steps  of  0.20®.  The  matching  network  parameters  of  the  elements  were  those  of 
F"ig.  22  for  scan  angles  from  7.5’  to  42®  and  those  of  Fig.  23  for  scan  angles  from  42®  to  52.5°.  No 
cable  failures  due  to  a  high  mismatch  were  experienced  throughout  these  tests. 


*  Because  af  same  misunderstanding,  the  length  af  the  shunt  stub  was  set  to  a  value  larger  than  that  referred  to. 
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8.  Ciround  Plane 


The  area  in  whieh  the  ai  ray  is  placed  can,  in  general,  be  described  as  flat.  In  the  N-S 
direction,  it  is  slopeti  downward  approximately  two  minutes  to  the  south.  In  the  l^W  direction, 
there  is  a  downward  slope  of  about  0.5“  toward  the  east.  Neither  one  of  these  was  enough  to  re¬ 
quire  general  re -leveling  of  the  entire  field.  However,  there  were  some  discrete  mounds  and 
valleys  whieh  had  been  plowed  into  this  field,  forme* iTy  used  for  ric  e  growing,  and  these  had  to 
be  removed,  'rhe  original  specifications  reejuired  that  the  ground  be  level  within  ±3  inches.  After 
an  attempt  to  do  this,  when  the  condition  of  the  ground  varied  from  a  sea  of  mud  to  concrete -like 
hardness,  the  .specifications  were  redaxed  by  reducing  the  toleranc'e  to  ±i>  inches. 

To  improve  the  ground  reflectivity,  a  conducting  screen  was  laid  over  it  which  consisted  of  a 
galvanized  mesh  ** chicken  wire,"  hexagonal  in  shape  with  each  side  approximat(*ly  two  inches  long. 
The  screen  was  laitl  over  the  entire  area  and  extended  beyond  the  end  of  the  edge  elements  for 
10  feet. 

C.  Calculated  Directivity  Patterns  and  Estimated  Gains 

The  radiation  pattc'rns  of  the  array  are  studied  by  considering  first  the  patterns  of  the 
uniformly  excited  array  and  second,  the  modifications  of  these  patterns  caused  by  known  devia¬ 
tions  from  a  uniform  excitation.  These  deviations  are: 

(1)  A  supe  l  im posed  amplitude  ripple  rt*sulting  fi'om  approximate  design  values 
of  the  coupk'i’S  and  non -uniformities  in  the  series  feed  lines. 

(Z)  A  superimposed  phase  ripple  of  ±ll.Z5“tlue  to  the  (luantization  of  the  branch 
lines  phase  shifti-rs. 

(3)  Mismatches  in  the  branch  lines  which  give  rise  to  a  series  of  multiple 
delayed  waves. 

The  random  variations  due  to  manufacturing  tolerances  ai’e  very  small  in  terms  of  a  wavelength 
and  their  effects  are  not  considered. 


1.  Itadiation  Patterns  of  the  rniforiuly  Excited  Array 


The  far  field  of  the  uniformly  excited  array,  expressed  in  terms  of  its  directivity  D(0,  (p)  — 
the  ratio  of  the  array  field  intensity  in  the  direction  O,  c?  to  that  of  an  isotropic  radiator  trans¬ 
mitting  an  equal  amount  of  power  —  is  nearly  identical  to 


D(0,  tp) 


480  sin  kh 

R(0  ,  ip  ) 
o  o 


77 

sin(kh  eosO)  co.s(^  sin  O  sin  (/?) 


Z  Z 

( 1  —  .sin*' O  sin  o)  sinkh  J 


[sin(N^u^/Z)  sin(N^uyz)  iZ 

sin(u^/Z)  N^  sin(u^/Z)J  ' 

which  is  the  directivity  of  a  similar  array  of  thin  half-wave  dipole  elements.  (The  effect,  on  the 
element  pattern,  of  the  presence  of  the  other  dipoles  is  neglected.) 

In  Eq.  (ZZ)  is  fRe  radiation  resistance  of  each  array  element  in  the  presence  of  all 

other  elements  properly  phased  to  scan  the  beam  in  a  direction  O^,  <p^;  is  the  number  of  rows 
and  is  the  number  of  elements  per  row.  The  parameters  u^  and  u^  are,  respectively. 
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u  ,  -  ^  cl  sin  O  c:os  »  Ci  ^  0,  ±J.z,  ±4r,  .  .  .  (^8) 

simullaiicoiisly.  In  genc*ral,  only  a  fuu  solutions  ol  and  u  ,  yioUl  real  values  of  O,  c’.  Kor  the 
present  ari'uy  tht‘re  are  only  two  solutions,  one  cioi'i'espondiitg  to  tlie  l^eani  dii'cction  and  the  other 
to  tlie  grating  lobe  directitjn  as  dismissed  in  See.lI-li-1. 

To  produce  a  beam  in  a  direc  tion  the  progrtessivc*  linear  pliase  shift  along  and  per¬ 

pendicular  to  the  rows  must  l>c* 
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Frg.  24.  Radiation  patterns  of  principal  array  element. 
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ANGlE  FROV  WERiOiAN  PLANE  {  (deg) 


Fig.  25.  Array  factor  an  canes  coaxial  to  N-S  axis  far  beam  directions 
located  in  the  meridian  plane. 


Fig.  26.  Array  factor  in  meridian  plane  for  beam  directions  located  in 
this  plane. 


a  =  Ztt  [±  —  d/X  sin0^  cos  (Z9) 

/i  =  Ztt  [±  —  d/  A  sin  sin  ,  ( 30) 

respectively,  where  and  are  any  integers.  With  these  values  of  a  and  the  array  factor 
becomes 


^  N^TTd  ^ 

sin  — r —  ( sin  0  sin  (P  —  sin  0  sin  (Z>  )  sin  — -  (sin  0  cos  </?  —  sin  0  cos  cc^  ) 
_ A  _ ^  _ o  ^  o _ A _ ' _ _  o _ 

sin^  ^  (sin  0  sin  </?  —  sin  0  sin  ip  )  sin^  ^  (sin 0  cos  —  sin 0  cos  c?  ) 
A'  ^  0^0  A'  ^  0^0 


.  (31) 


The  behavior  of  the  array  factor  when  the  beam  axis  is  located  in  the  meridian  plane  0)  i^^ 

of  principal  interest.  The  array  factor  now  becomes 


r  \i  r 

^  I  sin  ^ —  sin  O  sin  ipj  I  sin  ^ — j  ( sin  0  cos  ip  —  sin  0^) 


I  sin^  (^  sin  0  sin  (^)  I  I  sin^  (-~)  (sin  O  cos  <^  —  sin  O  ) 


and  is  the  product  of  two  functions.  It  is  best  described  by  considering  the  behavior  of  one  func¬ 
tion  in  directions  for  which  the  other  is  maximum.  The  second  of  these  functions  is  maximum  for 
directions  given  by 

sin  0  cos  c?  =  sin0  .  (33) 

o 

The  locus  of  these  directions  is  a  cone  of  angle  tt  —  ii0^  centered  on  the  row  axis.  The  normal¬ 
ized  power  density  on  this  locus  is 

sin^i^sina 

z\d  .  ;  ' 

sin  (-^  sin4) 

where  4  is  the  direction  angle  measured  from  the  meridian  plane.  This  function  is  plotted  in 
Fig.  its  for  =  8  and  d/A  =  0.5343.  For  a  beam  directed  toward  zenith,  this  function  multiplied 
by  the  element  factor  is  the  array  pattern  in  the  E-W- plane. 

The  first  function  of  the  array  factor  in  Eq.  (32)  is  maximum  for 

sin0  sin  (/>  =  0  occurring  when  <p  =  0  (35) 

(in  the  meridian  plane).  The  normalized  power  density  in  this  plane  is 


sin  N,  ^  (sin  0  -  sin  0  )1^ 
_ 2  A _ 0_ 

sin  ^  (sin  0  —  sin  0  )  ^ 

2  A  O 


For  small  angles  from  the  beam  axis  and  for  large  values  of  N^,  Eq.  (36)  may  be  approximated  to 


N  ,7rd(0  -  0  )  cos  0^2 
2  '  o  o| 


N  ,7rd(0  —  0  )  cos  0 
2  _ o  _ p 


which  is  plotted  in  Fig.  26  as  a  function  of  (0  —  0^)  cos  0^  for  =  128  and  d/ A  =  0.5343,  Since 
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this  function  varies  rapidly  with  angle  whereas  the  element  factor  varies  quite  slowly,  the  radia¬ 
tion  pattern  in  tne  vicinity  of  the  beam  is  very  closely  that  of  Fig,  26.  At  larger  angles  away  from 
the  beam,  the  element  direetivity  must  be  taken  into  aecount  and  Fq.  (36)  must  be  used. 

The  beamwidth  in  the  meridian  plane  is  readily  found  to  be 

Beamwidth  ^  ,  (38) 

cos O  '  ' 

o 

The  accuracy  of  this  expression  decreases  with  scan  angle,  but  is  still  better  than  0.3  percent 
at  60®. 

For  a  more  complete  discussion  of  the  array  factor  of  uniformly  excited  planar  arrays,  the 
reader  is  referred  to  Allen,  ci  al. 


a.  Calculation  of  Phasing  Cable  Lengths 

The  required  increment  between  the  current  phase  of  adjacent  elements,  so  that  the  beam  is 
formed  in  a  direction  in  the  meridian  plane,  is  given  by  Kqs.  (29)  and  (30),  with  ^  and 

m^  =  m^  =  0.  The  result  is 


2:rd  .  ^ 
a  =  —  -V  -  sin  O 


and  =  0 


(39) 


For  practical  reasons,  the  corresponding  cable  incremental  lengths  have  been  calculated  with 
respect  to  the  last  element  of  a  row.  The  phase  difference  between  the  exciting  current  of  ele¬ 
ment  n  with  respect  to  the  last  element  is  then  required  to  be 


-  (128-  n)a  =  (128  -  n)  ^  sin  G 

A  O 


(40) 


This  phase  difference  is  made  up  of  the  phase  difference  between  the  voltages  at  the  output  of  the 
last  coupler  and  that  at  coupler  n,  plus  the  phase  shift  that  results  from  the  length  increment 
betw'een  the  corresponding  branch  lines.  The  first  of  these  has  been  calculated  in  Sec.  lI-B-3  and 
is  given  by 


-  (128  -  n)  -  6 

A  n 

where  6^  is  given  by  the  curve  of  Fig.  13,  and  the  second  is  Therefore, 

-(128-n)^-6  +  *  =  (128  -  n)  ^  sine 

Ann  A  o 


(41) 


or 


4»  =(128-n) 

n 


27rd  [1  +  sin  0  1  +  6 
— ^  o^  n 


(42) 


The  approximated  incremental  lengths  in  terms  of  multiples  of  a  one-sixteenth  wavelength, 
m(A/l6),  is 


m(A/ 16)  = 


27rd 


+  6 


7r/ 8 


(43) 


rounded  off  to  the  nearest  integer  and  reduced  by  the  multiples  of  a  wavelength  which  it  contains. 

The  calculation  of  the  cable  lengths  required  in  each  branch  line  to  direct  the  beam  in  any 
direction  from  60®  north  to  60®  south  in  steps  of  0.2®  has  been  performed  with  the  help  of  the  7090 
computer. 
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b.  Peak  Directivity 


The  peak  directivity  of  the  uniformly  excited  array  is  obtained  by  making  O  =  and  tp  - 
in  Pq.  and  replacing  the  radiation  resistance  by  its  expression  as  obtained  in  Eq.  (11).  The 
result  is 


480  N  cos^  [“  sin  O  sin  1  cos  G  sin^kh 
_ _ o  o^ _ q _ 

°  ^  lt(0,  0)  [cos'^  G^  +  sin'^  G^  cos^  [1  —  sin^  G^  sin^  tp^] 


D(G  , 


(44) 


where  H(0,  0)  is  the  broadside  radiation  resistance  of  each  element  in  a  similar  array  of  infinitely 
thin  half- wavelength  dipoles.  In  the  meridian  plane  of  scan,  the  jieak  directivity  is 


D(G^,  0) 


4  80  N  sii/kh 

K(0,0) 


cos  G 

o 


(45) 


The  accuracy  of  the  angular  dependence  of  this  expression  is  directly  linked  to  that  of  the  radia¬ 
tion  resistance  expression  used  to  derive  it.  The  authors  believe  that  it  becomes  inaccurate  for 
scan  angles  approaching  directions  for  which  a  grating  lobe  is  formed. 

The  broadside  I'adiation  resistance  of  each  element  of  a  similar  array  of  infinitely  thin  half- 

9 

wave  dipoles  is  well  approximated  by  the  value  of  the  center  element  of  a  7  x  9  array.  This  value 
is  about  110  ohms,  and  when  it  is  inserted  in  Eep  (45),  together  with  X  =  1024  and  h  =  0.185A.,  the 
directivity  becomes 

D(G  ,  0)  =  3740  cos  G  ,  (46) 

o  o 


or  3  5.7  db  for  the  broadside  beam. 

10 

Wheeler  has  shown  that  the  peak  directivity  of  a  uniformly  excited  array,  with  the  elements 
spaced  so  that  only  one  principal  beam  exists  in  the  real  domain,  is  also  given  by  the  well-knowm 
formula  for  the  peak  directivity  of  a  uniformly  illuminated  aperture 

D(0,  0)  =  ,  (47) 

X" 


where  A  is  the  area  aperture.  When  the  array  parameters  are  substituted  in  Eq.  (47),  the  peak 
directivity  of  the  broadside  beam  is  3  5.6db,  which  corroborates  well  the  theoretical  prediction. 
For  other  beam  directions  located  in  the  meridian  plane,  the  peak  directivity  is,  from  Eqs.(45) 
and  (47),  equal  to  that  of  the  aperture  projected  in  these  directions. 

2.  Effects  of  Deviations  from  Uniform  Excitation  on  Pattern  and  Directivity 

The  principal  effects  of  the  deviations  listed  at  the  beginning  of  this  section  on  the  patterns 
and  gain  are: 

Non-Uniform  Amplitude  Distribution:—  The  powder  coupled  to  each  branch 
line  varies  as  shown  previously  in  PTg.  12.  A  more-or-less  sinusoidal  ripple 
modulates  the  curve  of  coupled  power  as  a  function  of  element  number.  The 
peak-to-peak  amplitude  of  this  ripple  is  about  1.2db  and  its  period  is  about 
11  elements.  P'urthermore,  the  last  20  percent  of  the  elements  of  each  row 
have  a  progressively  increasing  amount  of  power  delivered  to  them,  and  the 
powder  in  the  last  element  is  about  6  db  larger  than  the  average  value  of  the 
power  coupled  to  each  element. 

The  effect  of  the  ripple  has  been  estimated  by  assuming  it  to  be  sinusoidal. 

The  principal  effect  is  to  raise  the  level  of  two  side  lobes,  one  on  each  side 
of  the  beam  and  located  near  the  eleventh  side  lobe,  to  a  value  about  25 db 
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below  the  peak  of  the  beam.  The  level  of  these  side  lobes  is  6db  higher 
than  their  level  in  the  absence  of  the  sinusoidal  perturbation.  The  excess 
power  in  these  side  lobes  decreases  the  power  in  the  main  beam  by  about 
0.04  db.  'rhe  main  effect  of  the  excess  power  delivered  to  the  end  of  the 
array  is  to  reduce  the  gain  by  an  estimated  0.1  db  and  to  slightly  increase 
the  beamwidth  (1  percent). 

Phase  Hippie;—  The  effect  of  quantizing  the  phase  shifters  is  to  ix^rturb 
the  required  progressive  phase  distribution  by  superimposing  a  sawtooth 
ripple.  The  amplitude  of  this  ripple  is  5*  iK*ak  to  peak.  Its  period  is  a 
function  of  the  difference  between  the  required  phase  increment  and  the 
quantized  value  and  varies  with  the  beam  direction.  The  principal  effect 
of  the  phase  rijiple  is,  like  the  amplitude  ripple,  to  raise  the  level  of  two 
side  lobes  one  on  each  side  of  the  beam.  The  location  of  these  side  lobes 
and  their  amplitude  is  a  function  of  scan  angles.  For  most  scan  angles, 
the  level  of  these  side  lobes  is  20  db  or  more  below  the  peak  of  the 
beam  and  the  maximum  gain  reduction  that  may  i^esult  is  about  O.Zdb. 

Mismatches  in  tlie  Branch  Lines:—  Figui’os  22  and  23  showed  that  the 
average  VSWH  in  the  branched  line  is  about  1,5: 1.0.  This  corresponds 
to  a  reflection  coefficient  of  0.2.  It  was  further  shown  in  Sec,ll-7-c  that 
the  effect  of  mismatches  in  the  branch  lines  is  to  split  the  exciting  current 
into  a  series  of  multiple  delayed  currents  of  progressively  smaller  amplitude 
which  correspond  to  the  multiple  reflections  between  the  coupler  and  the 
radiating  element.  For  small  mismatches,  only  the  first  multiple  delayed 
wave  is  significant.  The  delay  of  this  wave  is  three  times  that  of  the  fun¬ 
damental  wave  and  the  beam  it  generates  is  at  least  14  db  below  the  main 
beam.  The  location  of  this  beam  is  related  to  that  of  the  principal  beam,  as 
was  shown  in  Fig.  21.  The  power  radiated  in  secondary  beams  reduces  the 
power  in  the  main  beam  by  about  U.2db, 

3.  Calculated  Gain 

The  antenna  gain  is  equal  to  the  peak  directivity  of  the  ideal  array  reduced  by  losses  due  to 
deviations  from  the  ideal  excitation,  or  radiation  losses,  and  by  those  inherent  to  the  feed  system 


or  conduction  losses.  These  losses  are: 

Kadiation  Losses 

Non-uniform  amplitude  0.14  db 

Phase  ripple  0.20 

Mismatch  in  branch  line  0.20 

Total  radiation  losses  0.54 

Conduction  Losses 

In  series  feed  line  LOO 

In  phasing  and  matching  cables  0,15 

In  ground  plane  0.30 

Total  conduction  losses  1.45 

Total  losses  ^  2,0 


The  losses  in  the  series  feed  lines  were  obtained  from  the  computer  calculations  for  the  phase 
and  power  at  the  outputs  of  the  feeder  lines.  The  loss  in  the  phasing  cables  corresponds  to  a 
half -wavelength  of  RG-8/U  (the  average  length  of  phasing  cable)  plus  a  quarter-wavelength  of 

RG-ll/U. 

The  ground  losses  were  deduced  from  a  set  of  measurements  of  the  impedance  of  a  dipole 
over  a  ground  plane  similar  to  that  of  the  array.  The  measured  impedances  differed  from 
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theoretical  values  by  a  quantity  which  could  be  accounted  foi‘  by  assuming  a  reflection  coefficient 
of  about  0.9,  which  corresponded  to  an  estimated  loss  of  about  O.idb, 

I'he  peak  dii  ectivity  of  the  antenna  was  calculated  to  be  3  5.6 db  for  th€?  broadside  beam.  The 
gain  for  this  beam  is  therefore  33.6  db.  The  gain  of  the  antenna  is  referred  to  its  input  point  and 
therefore  does  not  account  for  the  losses  that  occur  in  the  line  connecting  it  to  a  transmitter  or 
a  receiver. 

D.  Radiation  Pattern  and  Gain  Measurements 

The  radiation  patterns  and  the  gain  of  the  principal  array  have  been  measured  for  several 
beam  directions  in  the  \ -S  plane,  'rhese  patterns  were  measured  by  flying  an  aircraft,  equipped 
with  a  38.25-Mcps  oscillator  and  a  suitable  broad-beam  antenna,  at  constant  altitude  in  a  S-N 
direction  over  the  K1  Campo  antenna  site.  The  aircraft  was  tracked  by  a  modified  AN/^Clt-584 
radar,  and  the  powei’  received  by  the  array  was  recorded  as  a  function  of  radar  elevation  angle. 
The  gain  measurements  were  carried  out  by  rapidly  switching  the  receiver  from  the  array 
antenna  to  a  reference  dipole  antenna. 

To  measure  the  radiation  jjatterns  and  gains  with  the  accuracy  corresponding  to  the  usual 
far-field  criterion,  a  flight  altitude  of  240,000  feet  is  required  for  the  broadside  beam.  This 
requirement  could  not  bo  met  since  the  flying  equipment  available  for  the  purpose  permitted  a 
maximum  altitude  of  only  40,000  feet.  The  patterns  and  gains  measured  at  this  altitude  differ 
appreciably  from  their  far-field  counterparts,  but  still  provide  a  useful  means  of  ascertaining 
the  behavior  of  the  antenna.  I’he  radiation  patterns  and  gains  expected  at  this  altitude  are  dis¬ 
cussed  in  Sec.  11-D-l. 
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RELATIVE  GA'N  (db) 


Fig.  27.  Radiation  patterns  in  Fresnel  region. 


BEAM  DIRECTION  (deg) 


Fig.  28.  Ratio  of  measuring  distance  to  far-field  distance 
vs  beam  direction  (altitude  =  40,000  feet). 


Ciraphs  of  this  expression  as  a  function  of  the  valuable  u,  with  X  as  a  jiaraineter,  are  given 
in  Kig.  27.  With  lai'ge  a})eriures  that  have  small  bt'amwidths,  the  parameter  X  may  be  considered 
constant  over  a  range  of  angles  eneomjiassing  the  Iieain  and  the  first  few  side  lobes.  'I'he  gi’aphs 
are  thmi  fairly  aceiiratt*  ri‘presentations  of  the  patlc*rns  in  the  b'resnel  region,  hoi'  a  fixed  flight 
allitudeu  tht“  measuring  iangt‘  incrtuises  with  scan  angles;  therefore,  the  I'aiio  of  the  measuring 
I’ange  to  far-fiidd  distance  (X)  also  inci’east's  with  scan  angle,  'I'he  correspondence  betwe*en  the 
})aramett*r  X  aiul  the  b(‘am  direction  is  expn.'ssed  by  tlu‘  curve  of  h’ig.  28  for  a  flight  altitude  of 
4(J,0UU  feet.  'I'he  I‘’rt‘siiel  })atterns  are  almost  identii.al  to  their  far-field  counterparts  for  beam 
ttiri‘ctions  far  off  broadside.  As  thc‘  bc*am  diri*ction  approaches  broadside,  the  })rincipal  cdfects 
of  measurements  in  thi‘  l-’resnel  rt'gion  are  filling  in  of  tin*  nulls,  higher  side  lobes,  and  larger 
beainwidths.  'The  largest  eff(‘i:t  occurs  in  the  broadside;  bi-am  and  corresjjonds  to  a  beamwidth 
broadt'iung  of  about  2S  ptu'cciu  and  an  increase'  of  9  db  in  the  fii’st  sidi'  lobc*.^. 

The  peak  directivity  of  the  anti'iina  in  tlu‘  I'resnel  rc*gion  is  obtained  by  making  O  -  in 
I‘a[.  (48).  The  dt'crease  of  peak  dii’t'ctivity  is  jToLti'd  as  a  function  of  beam  dii'ection  for  a  constant 
flight  altitude*  of  4U,UUU  ft*ct  in  I'ig.  29.  AUiximum  retluction  occurs  for  the  broadside  beam  and  is 
about  2.2db.  At  52,  S  --  the  U)Wi*st  scan  angle  for  \shich  i)attei-n  measurements  were  made  —  the 
gain  reductio!!  is  only  U.2db, 

2,  Uefei’cnci'  Antenna 

Tile  rt'fc'i’i'nci*  antenna  ust'tl  for  gain  measure  nu'iits  a  as  a  near-resonant  half-wave  dipole 
mounted  pai-allel  to  ground,  and  injlarized  in  an  h-\\  dii’t'ction.  The  dipole  cross  section  was 
1.75  inches,  its  h'ligth  14U  iiu  hes,  aiui  it.'^  lieight  above  ground  the  same  as  that  of  the  array 
eU'ment  (4  feet,  9  inclies),  for  this  set  of  parameters,  the  tlipole  base  impedance  is  real  and 
a])pro\imati‘ly  5(J  ohms.  To  im[n’ove  the  ground  ri'flectivity .  wire  mesh  (chicken  w  ire)  was  laid 
ovei'  an  art'a  5U  ft‘et  sejuare,  (..(.‘Utered  under  tin*  dij)ole, 

riie  rt'fi’reiiei'  antenna  radiation  patti'rns  are  identical  to  those  of  the  ari'ay  element,  because 
both  the  referc’nce  and  t'k'ment  dii)oles  are  paralk'l  and  located  the  same  distance  above  ground. 
These  patterns  have  bt‘t‘n  ri'ijorted  in  T  ig.  24, 

i'he  peak  directivity  of  tile  i-efei-eiice  di]JoIe  i.^  e(.[ual  to 

48U  K“ll  -  cos  (rrT^  A)]^  siir(2rlr  A) 

K  snr  (-1.  A) 

where  L  is  tile  referenct'  dipole  length,  h  is  its  lieigiit  above  ground,  11  is  its  radiation  resist¬ 
ance  in  olims.  aiuI  K  is  a  noiulimeiisional  constant  function  of  llie  dipole  effective  height  which 
itself  is  a  function  of  Llie  dipole  cross  si'ction,  T'or  tlu'  dipole  parameters  given,  the  values  of 
K  and  1{  obtainetl  from  King^^  art',  vespt‘eiivcly,  1.08  and  52.0  ohms.  Insertion  of  these  values 
into  Kq,  (49),  together  with  tlie  valuer  of  the  oilier  parameters,  yields  a  peak  direetivity  of  6.72 

or  8,26db.  It  is  interesting  to  note  that  this  is  equal  to  the  peak  directivity  of  an  infinitely  thin 

1  2 

half- wave  dipole  mounted  the  same  height  abov^e  ground. 

The  gain  of  the  refereiiee  antenna  is  obtained  by  reducing  its  peak  directivity  by  the  losses 
inherent  in  the  antenna.  'The  principal  soui’ce  of  losses  occurs  in  the  ground  })lanc  and  was  esti¬ 
mated  from  the  data  obtained  by  measuring  the  feed  point  impedance  of  dipoles  of  different  lengths 
located  above  this  ground  plane,  C'omparison  of  the  measured  values  with  theoretical  values 
yielded  an  average'  ground  reflection  coefficient  of  about  0,9.  The  corresponding  ground  loss  is 
about  0,55db.  yielding  a  reference*  dipole  gain  of  7,7  db  when  fed  with  a  Icjssless  cable. 
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3.  Airborne  Antenna 


A  38.^5-Mcps  antenna,  polarized  parallel  to  the  pitch  axis,  was  installed  in  an  aircraft.  The 
radiation  pattern  of  this  antenna  in  the  pitch  plane  had  to  be  as  broad  as  possible.  These  require¬ 
ments  were  met  by  exciting  a  cavity  located  under  the  fuselage  and  occupied  by  a  radar  antenna. 

The  cavity,  covered  by  a  radome,  is  about  0.1  A  deep  and  its  perimeter  is  about  lA,  It  was  excited 
by  running  a  feed  line  along  the  middle  of  the  radome  and  parallel  to  the  pitch  axis  of  the  plane 
(Fig.  30).  The  feed  line  was  fed  from  its  middle  point,  thereby  providing  an  asymmetrical  excita¬ 
tion  of  the  orthogonal  mode  in  the  cavity;  hence,  no  cross-polarized  component  was  radiated  in 
directions  contained  in  the  pitch  plane.  In  other  directions,  there  was  a  cross-polarized  compo¬ 
nent  of  appreciable  amplitude  because  of  the  large  width  of  the  cavity;  however,  since  this  com¬ 
ponent  existed  out  of  the  measurement  plane,  it  did  not  affect  the  results.  'I’he  radiation  resistance 
of  this  antenna  was  low,  resulting  in  an  efficiency  estimated  to  be  on  the  order  of  a  few  percent. 

The  pitch  plane  pattern  of  the  antenna  was  measured  by  flying  the  aircraft  in  a  S-N  direction 
over  the  reference  antenna  described  in  the  preceding  section.  The  received  power  is  then  pro¬ 
portional  to  the  product  of  the  aircraft  and  reference  antenna  directivities,  divided  by  the  square 
of  the  distance  between  these  two  antennas.  The  aircraft  antenna  p^attern  deduced  from  these 
measurements  is  shown  in  Fig.  31. 

4.  Measurement  Results 

The  far-field  radiation  patterns  presented  in  Fig.  3ii(a-e)  were  obtained  from  power  measure¬ 
ments  received  as  the  aircraft  flew  in  an  approximate  N-S  direction  over  the  antenna  site.  The 
actual  flight  path  was  in  a  direction  slightly  west  of  true  north,  so  that  the  aircrait  could  follow 
a  radio  beacon  radial  which  crosses  the  peak  of  the  beam  in  the  meridian  plane.  The  direction  of 
the  radial  was  between  4®  and  5®  west  of  north,  depending  on  the  beam  elevation.  By  flying  this 
radial,  it  was  possible  for  the  aircraft  to  pass  repeatedly  within  a  sector  bounded  by  directions 
corresponding  to  about  the  — 1-db  points  of  the  K-\V  radiation  pattern.  The  original  plan  called  for 
a  true  N-S  flight  path,  with  the  ground  tracking  station  keeping  the  aircraft  on  this  path  with  ver¬ 
bal  instructions.  On  most  passes,  the  aircraft  had  a  ground  speed  that  approached  500  miles/hour. 
The  SCR- 584  radar  was  capable  of  manually  tracking  the  aircraft  at  a  maximum  range  of  about  28 
miles  when  the  radar  was  operating  well.  The  automatic  tracking  took  over  at  a  point  16.5  miles 
south  of  the  antenna,  allowing  a  maximum  of  two  minutes  before  the  main  beam  of  the  N-S  radia¬ 
tion  pattern  was  reached  and  a  minimum  of  2  5  seconds,  depending  on  scan  angle.  The  corrections 
made  during  manual  tracking  were  inaccurate;  those  made  during  automatic  tracking  were  too 
late.  Fortunately,  the  radio  beacon  was  available  almost  due  north  of  the  site.  This  permitted 
the  aircrait  to  make  its  approach  from  as  far  as  3  5  miles  south  of  the  site  (limited  by  an  ADIZ 
zone),  and  to  make  necessary  corrections  by  homing  in  on  the  required  radial  even  before  acquisi¬ 
tion  by  the  tracking  radar.  After  acquisition,  the  recorder  was  switched  on,  and  the  received 
power  was  recorded  as  a  function  of  aircraift  elevation  angle.  The  azimuth  angle  of  the  plane  as 
it  crossed  the  peak  of  the  beam  was  also  noted.  The  pattern  was  recorded  over  five  to  six  passes 
for  each  direction  of  the  array  antenna  beam.  Differences  in  the  main  beam  and  in  the  side -lobe 
levels  were  observed  between  the  patterns  measured  on  each  of  these  passes,  probably  because 
the  path  of  the  aircrait  varied  about  ±3®  when  it  crossed  the  peak  of  the  beam.  However,  when 
identical  passes  were  made,  very  good  repeatability  was  obtained. 
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The  received  power  as  a  function  of  aircraft  elevation  was  converted  to  antenna  patterns  by 
removing  the  contributions  of  the  aircraft  antenna  directivity  and  range  variation.  This  yielded 
Fresnel  region  patterns  which  were  then  converted  to  far -field  patterns  by  applying  a  cori’ection 
equal  to  the  difference  between  the  corresponding  patterns  of  the  ideal  array.  The  angular  scale 
on  the  measured  patterns  bears  a  small  parallax  error  amounting  to  about  1.68",  This  parallax 
results  from  the  different  location  of  the  tracking  radar  and  of  the  array  center,  As  mentioned 
above,  the  measurement  plane  was  not  exactly  the  meridian  plane,  but  a  vertical  plane  that  made 
an  angle  of  4"  to  5"  with  the  meridian.  The  differences  between  the  patterns  in  these  two  planes 
are  negligible  for  most  of  the  recorded  range  of  angles;  they  are  noticeable  only  for  the  far-out 
side  lobes.  For  instance,  as  the  angle  in  the  measuring  plane  departs  from  the  beam  axis,  the 
aircraft  moves  out  of  the  meridian  plane.  Therefore,  side  lobes  are  measured  which  are  smaller 
than  their  value  in  the  meridian  plane.  The  angle  between  the  radius  vector  to  the  aircraft  and 
the  meridian  plane  reaches  6"  when  the  departure  from  the  beam  axis  in  the  measuring  plane  is 
about  4  5".  At  this  angle  from  the  beam  axis  in  the  meridian  plane,  the  side  lobes  should  be  about 
3db  larger  than  the  corresponding  measured  ones. 

The  measured  patterns  are  in  fairly  good  agreement  with  predictions.  In  particular,  loca¬ 
tion  of  spurious  beams  and  their  levels  agree  w'ell  with  the  calculated  values. 

The  measured  beam  directions  (aveiaged  over  all  passes  and  corrected  for  parallax)  deviate 
from  their  calculated  values  by  a  few  tenths  of  a  degree  in  the  northern  direction.  This  deviation, 
plotted  in  Fig.  33,  increases  with  scan  angle  and  could  be  accounted  for  by  assuming  a  wave  veloc¬ 
ity  in  the  series  feed  lines  which  is  about  0.4  percent  smaller  than  its  calculated  value.  Results 
obtained  from  radio  astronomy  measurements  and  from  sun  radar  experiments  seem  to  confirm 
the  pointing  error. 

The  measurement  of  the  half-power  beamwidths  from  the  antenna  pattern  recordings  was 
inaccurate.  The  combination  of  radar  tracking  error  and  sticky  synchro-gear  trains  resulted  in 
large  beamwidth  variations  of  patterns  recorded  in  nearly  identical  passes,  A  system  was  devised 
which  eliminated  the  tracking.  As  the  plane  approached  the  peak  of  the  beam,  the  recorder  chart- 
drive  input  was  switched  from  synchro  to  constant  speed.  This  provided  a  measure  of  the  3-db 
beamwidth  vs  time  which  could  be  translated  to  elevation  angles,  since  the  chart  rate  and  the 
aircraft  speed  and  elevation  as  it  crossed  the  beam  were  known.  Beamwidths  measured  in  this 
manner  are  plotted  in  Fig.  34  as  a  function  of  scan  angle.  For  comparison,  the  predicted  values 
are  also  plotted.  The  accuracy  of  the  beamwidth  measurements  is  about  ±10  percent. 

Gain  measurements  were  carried  out  by  switching  the  receiver  to  the  reference  antenna  for 
a  moment,  after  the  passage  of  the  aircraft  through  the  beam.  The  effects  of  a  change  in  the 
aircraft  attitude  were  thus  minimized.  The  measured  gain  as  a  function  of  scan  angle  is  also 
plotted  in  Fig.  34,  together  with  the  predicted  values.  Good  agreement  exists  for  scan  angles 
from  broadside  to  about  30®.  The  measurements  at  4  5*  and  52.5®  deviate  appreciably  from  the  theo¬ 
retical  values.  One  possible  effect  responsible  for  this  behavior  is  the  element  mismatch.  It 
is  noticed,  in  the  radiation  patterns,  that  the  spurious  beam  which  results  from  this  mismateh  is 
formed  in  a  direction  close  to  the  main  beam  for  the  larger  scan  angle;  therefore,  the  assumption 
made  earlier  that  there  is  little  interference  between  the  two  no  longer  holds. 

Section  II-B-4  pointed  out  that  neglect  to  correct  the  phase  error,  due  to  the  nonuniform 
wave  velocity  in  the  series  feed  lines,  would  result  in  gain  loss  and  pattern  asymmetry.  This  was 
ascertained  by  taking  patterns  without  phase  correction,  and  a  tj'pical  pattern  taken  with  the  beam 
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Fig.  35.  Radiation  pattern  in  the  N-S  plane  for  o  beam 
direction  of  30®  when  the  phase  error  is  not  corrected. 


Fig.  36.  Arrangement  of  dipoles  in  orthogonol 
orroy  ontenna. 
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scanned  to  i0°  south  is  presented  in  l*’ig.  35.  Similar  results  were  obtained,  whatever  the  beam 
direction.  'I'lie  gain  reduction  due  to  the  j)hasc  error  was  estimated  at  about  1.5  db.  The  antenna 
was  used  in  this  condition  for  about  nine  months  as  part  of  a  system  for  measurement  of  radar 
reflections  from  the  sun. 

III.  0RTHCX30NAL  ARRAY 

The  design  specifications  for  the  orthogonal  array  were  essentially  the  same  as  those  of  the 
j)rincij)al  array,  except  that  high-powei'  handling  cajjability  was  not  required  and  larger  feed  losses 
could  be  tolerated  since  a  gain  somewhat  smaller  (about  ddb)  than  that  of  the  jn'ineipal  array  was 
acceptable.  Also,  to  reduce  the  cost  of  this  array,  the  specifications  with  resjject  to  the  scan 
angle  at  which  a  gi'ating  lol)e  is  formed  were  relaxed  to  jjcrmit  halving  the  number  of  elements 
needed,  ’1‘he  detailed  design  of  this  array  and  sujjervision  of  its  construction  was  carried  out  by 
Lincoln  Laboratory  members. 

A.  General  Description 

The  orthogonal  array  consists  of  513  elements  jjerpendicular  to  the  dijjoles  of  the  principal 
array.  Us  over-all  si^e  is  etjual  to  that  of  the  j^rincipal  array.  ’Fhe  elements  of  this  array  are 
disj)osed  in  a  triangular  lattice;  in  column  one  there  is  a  dij)ole  in  rows  1,  i,  5,  7;  in  column  two 
there  is  a  dipole  in  rows  3,  4,  6,  8,  All  odd  columns  are  the  same  as  column  one;  the  even  columns 
are  the  same  as  column  3,  A  singU*  trougli  line,  running  along  row  5,  collects  tlie  signals  received 
by  the  dipoles  through  a  series  of  couj)lers  ,sejiaraU*d  13- i/4  feet,  as  in  the  feeder  lines  for  the 
principal  array,  A  4:1  jiower  divider  collects  the  signals  from  a  column  of  dipoles  and  delivers 
them  to  the  couj)ler  in  that  column,  'I'lie  couplers  and  power  divide r,s  are  designed  to  jirovide 
uniform  illumination  for  the  ortiiogonal  array,  'I'he  eiements  are  similar  to,  and  are  located 
immediately  above,  the  elements  of  the  jn'incij:)al  array.  Thei'e  is  no  matching  stub,  or  trans¬ 
former,  and  the  dijiole  length  is  not  adjustable,  Dij^ole  length  was  chosen  to  yield  gooci  imj^edance 
characteristics  over  tlie  oj:)erating  range  of  beam  jjositions. 

The  orthogonal  array  is  "phaseci”  by  inserting  apjjrojiriate  lengths  of  cables  between  the  cou- 
])lers  and  the  input  to  the  power  dividers  in  a  maniu^r  similar  to  that  of  the  principal  array. 

B,  Detailed  Description 

1.  Llemcnt  ,S pacing 

The  orthogonal  array  w'as  built  ovxu'  the  principal  array  to  reduce  its  cost  by  making  use  of 
the  same  land  surface  and  some  of  the  same  sujqjorts.  The  number  of  elements  required  for  this 
array  was  halved  by  doubling  the  sj^acing  between  the  dipoles  along  the  row’s.  The  appearance  of 
a  grating  lobe  at  the  lower  scan  angles  of  interest  was  not  considered  detrimental  for  this  antenna, 

A  triangular  lattice  arrangement  was  obtained  by  staggering  the  dipoles  in  every  other  row  (Fig,  36). 
This  array  exhibits  grating  lobes  for  scan  angles  located  in  a  region  much  larger  than  that  of  the 
principal  array,  as  is  evidenced  by  comparing  Fig.  37  to  Fig,  3,  The  range  of  scan  angles  charac¬ 
terized  by  the  absence  of  a  grating  lobe  is  smallest  in  the  azimuth  plane  <p  -  ±45®,  for  which  this 
lobe  appears  at  a  scan  angle  of  19®  only.  In  other  planes  the  corresponding  angle  is  larger;  it  is 
maximum  (3  6.3®)  in  the  tw'o  principal  ])lanes.  The  amplitude  of  the  grating  lobe  with  respect  to  the 
peak  of  the  beam  is  determined  by  the  element  i)attcrn  which  is  discussed  in  Sec.III-C.  The  locus 
of  scan  angles  for  which  the  grating  lobe  is  13db  below  the  main  beam  is  plotted  in  Fig.  37  for 
this  particular  element  pattern. 
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Fig.  37.  Solid  angle  over  which  the  beam  of  the  orthogonal  array 
can  be  sconned  without  the  formation  af  a  grating  lobe  (outside 
shaded  orea).  Dashed  curve  is  the  locus  of  beom  angles  for  which 
o  — 13-db  grating  lobe  is  formed. 


Fig.  38.  Trough  line  for  orthogonol  arroy 
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The  primary  feeder  line  of  the  orthogonal  array  is  also  a  trough  line.  Its  cross  section  is 
smaller  than  that  of  the  principal  ai’ray  feeder  line,  and  both  inner  and  outer  conductors  are  made 
of  aluminum.  The  larger  conductor  loss  that  results  is  acceptable  in  view  of  the  smaller  gain 
requirement  for  the  antenna.  The  geometry  of  this  line  is  shown  in  Fig.  38.  Its  normally  open 
side  w'as  closed  with  an  aluminum  cover  at  installation.  This  cover  may  prevent  some  of  the 
corrosion,  insect,  dampness,  and  gi’ass  problems  associated  with  the  open  trough  line  used  in  the 
principal  array.  The  section  of  the  line  which  contains  the  coupler  is  inches  long.  This  length 
was  chosen  to  permit  the  use  of  standard  l<i-foot  lengths  of  aluminum  tubing  and  sheet  metal  for 
the  section  of  the  line  connecting  successive  couplei’s. 

The  output  of  each  coupler  (total  1  ^18)  is  fed  into  a  4;1  power  divider.  A  schematic  of  this 
divider,  made  of  50 -ohm  coaxial  transmission  line,  is  shown  in  Fig.  39.  The  lengths  of  lines 
designated  outputs  1,  2,  3,  and  4  are  unequal  in  order  to  direct  the  beam  3.3  5®  to  the  west.  The 
feed  point  impedance  of  the  dipoles  depends  on  scan  angle  and  upon  their  location  inside  the  array. 
When  fed  with  50-ohm  cables,  the  average  reflected  wave  at  the  feed  point  corresponds  to  a  VSWTl 
of  about  1.5;  1.0.  At  the  center  of  the  first  tee,  from  each  pair  of  dipoles,  the  impedance  is  there¬ 
fore  about  <i5ohms.  This  impedance  is  transformed  to  about  100  ohms  by  a  50-ohm  characteristic 
impedance  transmission  line  which  is  an  odd  number  of  quarter -wavelengths  long.  At  the  input 
tee,  the  resulting  input  impedance  is  therefore  about  50  ohms.  The  cables  which  are  used  toad- 
just  the  phase  of  the  current  are  inserted  at  this  point. 

The  coupler  design  for  the  orthogonal  array  is  shown  in  Fig.  40.  The  capacitive  coupling  is 
varied  by  changing  the  length  and  the  diameter  of  the  center  electrode.  This  design  is  somewhat 
easier  to  assemble  and  less  expensive  than  that  used  on  the  principal  array.  .Since  this  array  is 
used  for  receiving  only,  no  power  handling  problem  exists. 

3.  Coupling  Coefficient  Calculation 

The  attenuation  of  the  orthogonal  array  trough  line,  calculated  from  the  estimated  value  of 
the  principal  array  trough  lines,  is  3.4  db.  When  this  value  is  inserted  in  the  coupling  coefficient 
computation  program  described  in  Sec.ll-B-3,  the  results  expressed  in  Fig.  41  are  obtained. 
Approximation  of  the  required  coupling  values  to  ±0.5db  yields  the  design  values  expressed  by  the 
dotted  curve  in  this  figure.  Couplers  of  seventeen  different  coupling  values  are  required  to  real¬ 
ize  this  line. 

4.  Power  and  Phase  at  Feeder  Line  Outputs 

The  calculated  power  at  the  output  of  each  coupler  as  a  function  of  the  coupler  number  is  given 
in  Fig.  42.  For  comparison,  the  measured  values  are  also  given.  The  calculated  and  measured 
values  of  the  phase  differential  between  the  phase  of  the  voltage  appearing  at  the  output  of  a  given 
coupler  and  the  preceding  one  are  plotted  as  a  function  of  coupler  numbei  in  Fig.  43.  The  power 
and  phase  differential  measurements  show  appreciably  larger  variations  than  expected.  A  similar 
behavior  was  observed  in  the  principal  array  feeder  lines.  The  factors  that  may  account  for  the 
discrepancies,  however,  are  not  all  the  same  for  both  feeder  lines.  For  the  principal  array  feeder 
lines,  the  salient  factors  were  listed  in  Sec.ll-B-4.  For  the  orthogonal  array  feeder  line,  these 
factors  are; 
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(a)  The  open  side  of  the  50 -ohm  trough  line  was  covered  to  eliminate  the 
troubles  experienced  with  an  open  line.  This  resulted  in  an  estimated 
line  characteristic  impedance  about  5  ohms  less  thaii  the  50-ohm  value 
used  in  the  calculation. 

(b)  'rhe  line  attenuation  constant  used  for  the  calculation  corresponds  to 
a  3,4-db  attenuation  loss  for  the  unloaded  line.  A  value  of  <d.4db  was 
measured. 

(c)  Reflections  at  the  supports  foi*  the  center  conductor  were  neglected  in 
the  calculation, 

rhe  phase  of  the  voltage  at  the  output  of  the  couplers,  as  a  function  of  coupler  location  along 
the  line,  varies  nonlinearly  in  a  manner  similar  to  that  of  the  principal  array  feeder  lines.  This 
phase  is  larger  than  its  value  in  the  absence  of  the  couplers  by  a  quantity  which  is  plotted  in  Fig.  44 
as  a  function  of  coupler  number.  The  corresponding  quantity  for  the  principal  array  feeder  lines, 
also  plotted  on  this  figure,  is  so  close  to  the  former  that  the  wave  velocity  in  the  two  types  of  lines 
may  be  assumed  to  be  the  same,  and  therefoi’e  the  same  coi  rection  is  reejuired  in  their  branch 
lines. 

It  should  be  noted,  however,  that  the  phase  differential  measurements  indicate  mean  values 
which  lie  close  to  the  predicted  ones  for  the  principal  array  feeder  lines  (see  Fig.  14),  but  are 
about  1®  larger  for  the  orthogonal  array  feeder  line  (I’Tg.  4  3).  This  behavior  would  indicate  a  wave 
velocity  that  is  slower  in  the  orthogonal  array  feeder  line  than  in  the  principal  array  lines,  with 
the  consequence  that  the  cross -polarized  array  beam  would  be  directed  about  0.Z5®  higher  than  that 
of  the  principal  array  when  the  two  arrays  are  phased  similarly.  However,  measurements  of  phase 
differentials  for  both  arrays  were  not  carried  out  with  exactly  the  same  measuring  equipment,  and 
the  relative  accuracy  between  the  two  is  not  known  to  better  than  1.0®.  More  accurate  measure¬ 
ments  are  therefoi'e  requii'ed  to  substantiate  the  previous  conclusion. 

5.  VSWR  at  Feeder  Line  Input 

The  calculated  input  \\SWR  with  50-ohm  loads  in  place  of  the  elements  is  about  1.15:1,0.  With 
the  elements  connected  to  the  feeder  line,  the  input  VSWR  should  not  change  appreciably  for  all 
scan  angles  except  at,  and  close  to,  broadside.  For  a  broadside  beam,  the  reflected  wave  from 
the  mismatch  of  each  element  reaches  the  input  in  phase,  causing  a  larger  VSWR.  The  input  VSWR 
should  then  be  equal  to  the  average  value  of  that  existing  in  the  branch  lines,  or  about  1.5;  1.0. 

6.  Measured  VSW'R  and  Relative  Power  of  Forward  Wave  in  Branch  Lines 

The  radiation  impedance  of  the  dipoles  of  the  orthogonal  array  is  about  50  ohms.  Because  of 
the  larger  spacing  between  elements  of  this  array,  the  variation  of  this  impedance  with  scan  angle 
is  smaller  than  that  of  the  principal  array.  The  length  of  the  dipoles  is  such  that  a  suitable  match 
exists  for  the  entire  range  of  scan  angles  from  0®  to  5Z.5®  from  broadside.  This  length,  as  found 
by  trial  and  error,  is  134  inches.  The  height  above  ground  of  the  orthogonal  dipoles  is  about  4 
inches  more  than  that  of  the  dipoles  of  the  principal  array.  The  VSWR  in  the  branch  lines  was 
measured  over  the  section  of  the  array  between  rows  4  2  to  51  inclusive.  This  measurement  was 
carried  out  for  scan  angles  of  0®,  15®,  30®,  45®,  and  52.5®.  The  currents  in  elements  36  to  56  were 
phased  to  point  the  beam  in  the  required  direction;  we  considered  this  sufficient  to  insure  opera¬ 
tion  similar  to  that  obtained  when  the  entire  array  was  excited  to  produce  a  beam  in  that  direction. 
The  results  plotted  in  Fig.  45  are  for  the  elements  located  in  rows  4  and  5.  Measurements  taken 
on  the  other  rows  yielded  results  similar  to  these  two  rows,  except  for  scan  angles  of  45®  and 
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5<i.5''for  which  the  average  value  of  thc‘  V'SVVK  for  all  eight  I'ows  is  about  1,65,  a  value  somewhat 
smaller  than  that  obtained  for  rows  4  and  5. 


Fig,  45.  Relative  power  af  forward  wave  (solid  line) 
and  VSWR  (dashed  line)  in  a  few  successive  branch 
lines  af  arthagonal  array. 


The  relative  power  of  the  forward  wave  in  the  branch  lines  of  this  part  of  the  array  was  also 
measured  and  is  also  plotted  in  Fig.  45. 

7.  Cross  Coupling  Between  the  Principal  and  Orthogonal  Arrays 

Kaeh  dipole  of  the  oi'thogonai  array  is  niounted  so  that  the  eross-polarized  dipole  sharing  the 
same  post  lies  in  its  neutral  plane.  This  minimizes  the  coupling  between  these  two  dipoles. 
Furthermore,  eoupling  between  cross -polarized  dipoles  located  on  different  posts  is  very  small 
for  dipoles  located  well  inside  the  array,  it  is  a  little  larger  for  the  dipoles  located  on  the  edge 
rows.  This  behavior  is  readily  understood  if  one  observes  that  the  current  induced  by  a  dipole 
of  the  prineipal  array  is  almost  eanceled  by  that  of  another  dipole  of  the  prineipai  array  whieh 
is  symmetrically  located  with  respect  to  the  axis  of  the  orthogonal  dipole.  The  degree  of  ean- 
eeliation  depends  upon  the  difference  of  the  current  amplitude  in  these  two  symmetrieal  dipoles. 

Measurement  of  eross  eoupling  between  the  two  antennas  yielded  a  value  of  — 70  db.  When  this 
measurement  was  made,  the  beam  declination  was  12.°  south.  It  should  be  noted  that  the  eross 
eoupling  depends  on  the  sean  angle  and  that  it  should  be  small  for  most  scan  angles,  except  for 
the  broadside  direction  where  it  should  be  considerably  higher  because  the  element  phasing  is  then 
suitable  for  reinforcement.  The  eross  eoupling  at  this  angle  is  expected  to  be  on  the  order  of  —25 
to  -30  db. 
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'The  normalized  array  factor  in  th(‘  meridian  j)lane  (sc'c.ond  factor)  is  identical  to  that  of  the 
prineijjal  array  [Hcj.  {i6)]  but  it  is  ejuite*  different  in  other  jjlanes.  h’or  instance,  it  was  shown  in 
preceding  sections  that  the  orthogonal  array  exhibits  a  first  grating  lobe  foi-  scan  angles  in  the 
meridian  plane  larger  than  ,  wherc'as  this  behavior  occurs  for  scan  angles  larger  than  60°  for 
the  principal  array,  However,  th(‘  first  grating  lobe  of  the  ortliogonal  array  points  in  directions 
nearly  perpendicular  to  the  meridian  jjlane,  and  therefore  docs  not  modify  the  pattern  in  that 
plane. 

The  clement  factor  of  the  orthogonal  array  is  almost  identical  to  that  of  the  principal  array 
rotated  90°.  A  slight  difference  should  exist  because  they  are  located  at  slightly  different  heights 
above  ground. 
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a.  Calculation  of  Phasing  C'able  Length 


Figure  44  showed  that  the  calculated  phase  characteristics  of  the  orthogonal  array  feeder 
line  are  very  nearly  the  same  as  those  of  the  principal  ari'ay  feedci*  lines.  Since  the  spaeing 
between  couplers  in  the  two  arrays  is  the  same,  the  lengths  of  the  phasing  eables  as  ealculated 
for  tlie  principal  array  also  apply  to  ihv  orthogonal  ari’ay.  however,  as  mentioned  earlier, 
measure inents  of  the  phase'  differentials  bctwei>n  successive  couplers  for  the  two  types  of  feeder 
lines  indicated  a  slowei’  wave  velocity  in  the  orthogonal  lyiie,  hence, the  orthogonal  array  beam 
may  point  about  0.^5®  above  that  of  the  principal  array.  Systematic  errors  may  account  for  the 
difference  of  wave  velocity  in  thi'  two  lines,  and  more  accurate  nieasurements  would  bo  required 
to  ascertain  the  relative  ])osition  of  the  two  cross -polarized  beams. 

b.  Peak  Directivity  of  Orthogonal  Array 


The  peak  cliri'ctivity  of  the  broadside  beam  of  the  oidhogonal  array  antenna  is  obtained  from 

F(3.  (53)  with  0-0  ■  0.  The  l  i'sult  is 

o 


D(0,  U) 


48U  M^M  ,  siir(.lrh  A) 
K{0.U) 


(55) 


The  element  broadsidt  raLliatior,  resistance  H(U.  0)  was  approximated  by  replacing  it  by  the  radia¬ 
tion  rt'sistaiu  e  of  a  half-wavi'iength  ,»nfinitely-thin  di])ole  suri'ounded  by  four  simila:.\  ecjually  fed, 
equispaci'd  dipoles  in  echelon  ( 8-c‘U‘int*nt  array),  i'hes^‘  four  echtdon  dipoles  corrc'spond  to  the 
four  neai'cst  dijjoles  surrounding  an  element  insid(‘  the  orthogonal  array,  i'he  radiation  resist¬ 
ance  thus  obtained  is  about  5  i  ohms  or  aliout  half  that  of  the  princi])al  array.  As  the  number 
of  dipoles  this  array  i.^  also  half  the  number  in  the  jirincipal  ar"ay,  the  gain  is  the  same. 

This  is  no  surprise  since  ('ach  array  covers  the  same  area  and  tlune  are  no  gi’ating  lobes  when 
the  beam  points  in  the  broadside  direction, 

'rhe  iieak  directivity  of  the  orthogonal  antenna,  as  a  function  of  the  scan  angle,  depends  upon 
the  radiation  resistance  of  its  elements,  i'he  (.'U-ment  I'adiation  lesistance  is  an  unknown  function 
of  this  scan  angle.  Calculation  of  tiie  l  adiation  impc'dancc*  as  a  function  of  scan  angle  in  the  merid¬ 
ian  plane  for  the  5 -element  array  referred  to  above  indicated  only  a  slight  variation  of  its  resis¬ 
tive  part,  Imjiedance  mt'asu re ments  performi'd  on  a  I'epresentativc  group  of  elements  of  the 
orthogonal  array  confiinned  this  iieiiavior,  Witii  lu-aiTy  constant  element  radiation  resistance, 
the  gain  variation  as  a  function  of  scan  angle  in  tlie  meridian  plane  liecomes  proportional  to  the 
element  diri'ctivity  in  this  plane',  ‘J'his  latter  is  given  by  the  o  -  curve  in  h'ig,  ^4. 


*1,  Lffects  of  Deviations  frcmi  Fniform  I'xcitation  on  Directivity  Patterns 

'rhe  orthogonal  array  excitation  function  differs  from  the  ideal  uniform  function:  the  principal 
deviations  are  nearly  identical  to  those  of  the  principal  array,  except  for  the  smaller  amplitude 
ripple  and  the  absence  of  an  e\ce,ss  of  powei'  in  the  last  part  of  the  feeder  line,  'Flie  effects  on  the 
directivity  patterns  caused  by  the  phase  iTpple  and  the  element  mismatch,  therefore,  are  the 
same  as  those  for  the  principal  array;  the  effects  of  the  amplitude  ripple  are  too  small  to  be  of 
concern. 
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i.  Kstimuted  Ciain 


I'he  j)eak  directivity  of  the  broadside  beam  of  the  oi'thogonal  ari’ay  is  ecjual  to  that  of  the 
principal  array,  and  therc'fore  etjual  tt)  35,6 db,  'hhe  radiation  losses  resulting  fi'oni  nomniifoi'm 
excitation  are; 


Xonuniforni  ani[)litude  0.0*idb 

idiase  ri{){de  0.  *i0 

Mismatch  in  branch  liiU'S  O.iiU 

'rotal  radiation  losses  U,4<d 

rhe  estimated  conduction  losses  are; 

In  the  series  ft'eti  line  1.60 

In  the  powei'  dividers  and  {)hasing  cables  0,90 

(about  7  5  feet  of  KCi-H/T) 

In  the  ground  ])lane  O.iO 

Total  conduction  losses  cd.BO 


The  total  loss  in  thi*  orthogonal  array,  therefore,  amounts  to  about  i.^db;  the  loss  incurred  in 
the  transmission  line  which  joins  the  receivei'  to  the  antenna  input  is  not  included.  The  broad¬ 
side  gain  of  the  orthogonal  antenna  array  is  35.6  —  1,1  -  3^.4  db  when  it  is  excited  with  a  lossless 
transmission  line, 

'The  radiation  pattern  and  gain  of  the  orthogonal  antenna  array  have  not  been  measured  directly. 
However,  results  obtained  in  experiments  on  radar  reflections  from  the  sun  suggest  a  performance 
close  to  predictions. 


IV.  CONCLUSION 

A  3B.4l5-Alcps  antenna  consisting  of  two  orthogonally  [polarized  [)lanar  arrays,  each  with  a 
gain  larger  than  30  db,  has  been  constructed  and  is  now  ojjerating  satisfactorily  as  part  of  a  solar 
radar  system.  The  h'resnel  region  directivity  [latterns  of  one  of  these  arrays  have  been  measured 
and  good  agreement  with  theoretical  predictions  iias  been  obtained. 
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